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Introduction. 
The researches that have been made up to this time to determine the 
chemical properties of the exudation sap of plants, have not yet fully cleared 
up the matter. The earliest investigations on the subject have been restricted 
to a rather general study of the sap of outdoor plants. So KRAUS, in a paper 
published already in 1887, analyzed the exudation sap of beets. He found 
it to contain an abundance of solid matter, but the amount of this solid 
matter was smaller at the end of the exudation than at the beginning. Also 
the reaction of the sap varied during the exudation, being at first acid and 
later mostly basic. According to his investigations, the exudation sap came 
from the tracheae, tracheids and the cells in the cut surface. 
Thirteen years later, the investigations made by the Japanese scientist, 
M I Y O S H I ( 1 9 0 0 ) , on the Cornus macrophylla were made known in Europe. 
He mentioned that the exudation sap is a clear, colourless, slightly acid li([uid 
'of refreshing taste and characteristic odour. According to SHIBATA'S analysis 
it contained O.425 per cent, solid matter, consisting of the following: sugar 
and similar compounds O.1714 per cent., amino-compounds O.0246 per cent., 
inorganic compounds O.1382 per cent., the remainder (mostly organic acids) 
O.0008 per cent. 
Since then many similar investigations have been carried out using various 
plants. PRIESTIvEY and WORMAIX (1924) made chemical analyses of the sap 
obtained from the cut stems of the Vitis vinifera. It contained, they found, 
besides ash, various sugars, organic acids, such as oxalic acid, tartaric acid, 
malic acid and succinic acid, phosphates, and inorganic nitrogen. On the 
other hand no organic nitrogen was found in it. PRIESTI.EY and WORMAL^ 
made special reference to the investigations of MOREAU and VINET (1923), 
who also used the vine as a test-plant. According to them considerable changes 
occurred in the composition of the exudation sap during the exudation. Notably 
the concentration of sugar and other organic compounds varied greatly, these 
changes being possibly due to external factors, chiefly temperaturie. The ash 
concentration, however, changed less and varied from O.28 gr. to O.so gr. per 
litre. 
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T o s o m e w h a t d i f f e r e n t r e s u l t s f r o m t h e f o r e g o i n g L I T V I N O V ( 1 9 2 7 ) h a d 
c o m e i n h i s i n v e s t i g a t i o n s ; a s t e s t - p l a n t s h e u s e d p u m p k i n s w h i c h h a d b e e n 
g r o w n o u t d o o r s . O n e o f h i s a n a l y s e s i n d i c a t e d t h a t t h e i r s a p c o n t a i n e d t h e 
f o l l o w i n g c o m p o u n d s ( i n g r a m s p e r l i t r e ) : ' 
A s h m a t t e r l . i 
S u g a r O.o 
M a l i c a c i d O.40 
T a r t a r i c a c i d O.io 
O x a l i c a c i d O . u 
S u c c i n i c a c i d O.o 
C i t r i c a c i d t r a c e s 
A l b u m e n O.o 3 5 
A m i n o - a c i d s O.os ( c a l c u l a t e d a s a l a n i n e ) 
A m m o n i a ( N H ^ ) O.019 
N i t r a t e s a n d n i t r i t e s O.074 ( c a l c u l a t e d a s N O 3 ) 
T h e r e m a i n d e r O.5 ( o r g a n i c s u b s t a n c e s 
w h o s e n a t u r e w a s n o t 
e s t a b l i s h e d ) 
C o n t r a r y t o P R I E S T L E Y a n d W O R M A L L , l y i T v i N O v t h u s f o u n d t h a t t h e 
e x u d a t i o n s a p , w h i c h h e i n v e s t i g a t e d , c o n t a i n e d c o n s i d e r a b l e a m o u n t s o f 
o r g a n i c n i t r o g e n . H e a l s o s a i d t h a t t h e s a p c o n t a i n e d p r a c t i c a l l y n o s u g a r . 
I t s e e m s t h a t D I X O N a n d A T K I N S ( 1 9 1 5 a n d 1 9 1 6 ) a l s o s t u d i e d t h e e x u d a -
t i o n s a p , a l t h o u g h t h e y o b t a i n e d i t b y o t h e r m e a n s . T h e y e x t r a c t e d t h e s a p 
o f v a r i o u s t r e e s p a r t l y b y m e a n s o f a c e n t r i f u g e a n d p a r t l y b y t h e p r e s s u r e 
o f l i q u i d a i r . T h e s a p w a s o b t a i n e d f r o m p i e c e s o f s t e m a n d r o o t s , t e n c e n t i -
m e t r e s i n l e n g t h . T h e y a l s o o b s e r v e d t h a t t h e r e w e r e m o r e c a r b o h y d r a t e s 
i n t h e t r a c h e a e o f t h e s t e m t h a n i n t h e c o r r e s p o n d i n g p a r t s o f t h e r o o t s , b u t 
t h a t t h e t r a c h e a e o f t h e r o o t s c o n t a i n e d m o r e e l e c t r o l y t e s . T h e s u g a r c o n -
c e n t r a t i o n v a r i e d d u r i n g t h e 3 ' e a r ; i t w a s h i g h e s t i n t h e s p r i n g . 
I n a d d i t i o n m a y b e m e n t i o n e d t h e i n v e s t i g a t i o n s o f P R I E S T L E Y a n d 
ARMSTEAD ( 1 9 2 2 ) o f t h e x y l e m s a p o f Vitis vinifera a n d Fuchsia. A c c o r d i n g 
t o t h e m i t c o n t a i n e d b o t h o r g a n i c a n d i n o r g a n i c c o m p o u n d s . T h e o r g a n i c 
c o m p o u n d s i n Vitis vinifera w e r e m a i n l y s u g a r , d i s a c c h a r i d e s a n d h e x o s e s . 
T h e c o m m o n f a c t o r o f a l l t h e s e s c i e n t i s t s ' i n v e s t i g a t i o n s w a s t h a t t h e 
p l a n t u s e d f o r e x p e r i m e n t w a s g r o w n i n i t s n a t u r a l s u r r o u n d i n g s a n d i n s o i l 
o f w h o s e c h e m i c a l a n d p h y s i c a l p r o p e r t i e s v e r y l i t t l e o r n o t h i n g a t a l l w a s 
k n o w n . A l t h o u g h i t w a s o b v i o u s t h a t t h e a s h m a t t e r f o u n d i n t h e e x u d a t i o n 
s a p c a m e f r o m t h e s o i l , t h e r a t i o o f t h e a s h c o n c e n t r a t i o n o f t h e s a p t o t h a t 
o f t h e s o i l c o u l d n o t b e a c c u r a t e l y d e t e r m i n e d . 
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More progressive in his research on the properties of the exudation sap 
was S A B I N I N . In his extensive treatise, published in 1 9 2 5 , he hiid special 
emphasis on the fact that the velocity of the exudation depends on the external 
solution. Experiments showed that the velocity, or the volume per unit of 
time, depends on the osmotic pressure of the external solution, all other factors 
being constant, or 
B k [Px-Pe] 
In this formula, B represents the velocity of the exudation, Px the osmotic 
force, which moves the exudation current, Pe the osmotic pressure of the 
external solution in atmospheres and k is a special permeability constant. 
Since, according to the law of B O Y L E - V A N ' T H O F F , the osmotic pressure 
is directly proportional to the concentration, the velocity of the exudation 
depends on the concentration of the external solution. 
These researches did not take into consideration the concentration of the 
different ions in the exudation sap. But the determination of just these and 
of the relation between the external solution and the exudation sap regarding 
their composition and concentration, S A B I N I N held to be of the utmost im-
portance in the study of the permeability of the protoplasma. For this reason 
he carried out the following experiments. 
First, he determined the total concentration of both the exudation sap 
and the external solution by measuring their conductivity and noted that the 
total concentration of the exudation sap was from I.35 to 2.08 times as great 
as that of the external solution. This he supposed to be due mainly to the 
collection of electrolytes from the external solution in the exudation sap and 
not to free organic acids, as the P ^ of the exudation sap was comparatively 
high and somewhat constant. His measurements showed that it varied from 
4 . 0 to 5 . 7 . 
S A B I N I N determined also the concentration of the different ions in the 
sap and compared the values to those of the corresponding ion concentrations 
of the external solution. The external solutions were K N O P ' S solutions of 
different concentrations. The results of the determinations gave the following 
values for the P04-concentration. 
External solutions O.00037 O.00030 O.ooou O.000432 O.000443 
Exudation saps O.oois? O.00227 O.00215 O.002550 O.001580 
In the first four Zea mays was used as test-plant, in the last one Impatiens 
balsamina. 
As we have noted, the concentrations of the exudation sap are in all cases 
notably greater than those of the external solution. S A B I N I N himself noted 
still another regularity. As the concentrations of the exudation saps differed 
from each other as little as is shown in the above table, although the concentra-
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t i e n s o f t h e e x t e r n a l s o l u t i o n s w e r e d i f f e r e n t , h e d r e w t h e c o n c l u s i o n t h a t t h e 
c o n c e n t r a t i o n o f t h e e x u d a t i o n s a p i s a l w a y s t h e s a m e : » O q e i i b H H T e p c e i i b i M 
IIPENCTABJINETCN MIIC n c G o j i b m a n BCJIHMNIIA OTHGIIICHIIH C i : C e ( C i d e n o t e s 
t h e c o n c e n t r a t i o n o f t h e e x u d a t i o n s a p a n d C e t h e c o n c e n t r a t i o n o f t h e 
e x t e r n a l s o l u t i o n ) , n o N TO n o c T O H n c T D O C i , K O T o p o e MLI BHAHM B o n u T a x » 
(1. c . p a g e 1 0 8 ) . ( = H i g h l y i n t e r e s t i n g t o m e s e e m s n o t o n l y t h e l o w v a l u e 
o f t h e r a t i o C i : C e , b u t a l s o t h e c o n s t a n c y o f C i , w h i c h i s e a s i l y n o t e d f r o m 
t h e e x p e r i m e n t s ) . 
T h e c a l c i u m a n d p o t a s s i u m c o n c e n t r a t i o n s o f t h e e x u d a t i o n s a p w e r e a l s o 
d e t e r m i n e d b y S A B I N I N . T h e p o t a s s i u m c o n c e n t r a t i o n w a s f o u n d t o b e h i g h . 
A s f o r c a l c i u m , h e f o u n d t h a t i t s c o n c e n t r a t i o n i n t h e e x u d a t i o n s a p w a s i n 
o n e c a s e 8 2 p e r c e n t , a n d i n a n o t h e r 7 2 . 7 p e r c e n t , o f t h e c o n c e n t r a t i o n o f t h e 
e x t e r n a l s o l u t i o n . T h i s h e s u p p o s e d t o b e d u e t o t h e e x c e s s i v e c o n c e n t r a t i o n 
o f t h e e x t e r n a l s o l u t i o n , w h i c h w a s a K N O P ' S s o l u t i o n . S o t h a t , i f t h e e x t e r n a l 
s o l u t i o n w e r e s u f f i c i e n t l y w e a k , a l s o t h e c a l c i u m c o n c e n t r a t i o n i n t h e s a j ) 
w o u l d b e h i g h e r t h a n t h a t o f t h e e x t e r n a l s o l u t i o n . 
S A B I N I N s e e m s t o b e o f t h e o p i n i o n t h a t t h e a m o u n t o f e a c h i o n i n t h e 
e x u d a t i o n s a p i s c h a r a c t e r i s t i c f o r t h a t i o n . H e c o n c l u d e d f r o m h i s o w n 
e x p e r i m e n t s t h a t , i f t h e c o n c e n t r a t i o n o f t h e e x t e r n a l s o l u t i o n i s O.ooi n o r m a l 
r e g a r d i n g t h e i o n s i n q u e . s t i o n , t h e p o t a s s i u m a n d P 0 4 - c o n c e n t r a t i o n o f t h e 
e x u d a t i o n s a p i s h i g h e r , b u t i t s c a l c i u m c o n c e n t r a t i o n i s l o w e r t h a n t h a t o f 
t h e e x t e r n a l s o l u t i o n . 
T h e i n t e r n a l c o n c e n t r a t i o n o f t h e a m m o n i u m i o n i n S A B I N I N ' S e x p e r i -
m e n t s w a s a l s o l o w e r t h a n t h e e x t e r n a l c o n c e n t r a t i o n w h i c h w a s ().oi4(i 
n o r m a l r e g a r d i n g a m m o n i a ( N H ^ ) . 
S A B I N I N w a s a l s o a b l e t o s h o w t h a t t h e m o r e a c i d t h e e x t e r n a l s o l u t i o n 
i s , t h e s m a l l e r i s t h e r a t i o o f t h e c a t i o n c o n c e n t r a t i o n t o t h e a n i o n c o n c e n t r a -
t i o n i n t h e e x u d a t i o n s a p , a l t h o u g h t h e c o n c e n t r a t i o n s o f t h e i o n s i n q u e s t i o n 
a r e t h e s a m e i n t h e e x t e r n a l s o l u t i o n . I n t h e e x p e r i m e n t s , t h e c h a n g e i n t h e 
r a t i o ^ ^ ^ w a s f o l l o w e d . 
P O 4 
T h e r a t i o o f t h e c o n c e n t r a t i o n s o f t h e m i n e r a l m a t t e r i n t h e e x u d a t i o n 
s a p t o t h e c o r r e s p o n d i n g c o n c e n t r a t i o n s o f t h e e x t e r n a l s o l u t i o n w a s d e t e r -
m i n e d b y S A B I N I N ' S a s s o c i a t e , T R U B E T S K O V A ( 1 9 2 7 ) . A s e x p e r i m e n t a l p l a n t 
s h e u s e d Zea mays. T h e e x t e r n a l s o l u t i o n s w e r e K N O P ' S s o l u t i o n s w h o s e 
c o n c e n t r a t i o n s v a r i e d a s t h e n u m b e r s 2 , 1, ^/g, ^/4, ^/g; 1 d e n o t e s t h e u s u a l 
K N O P ' S s o l u t i o n , 2 , t w i c e t h e u s u a l s o l u t i o n , a n d s o o n . T w o p a r a l l e l e x p e r i -
m e n t s w e r e c o n d u c t e d . E x p e r i m e n t s s h o w e d t h a t t h e i o n c o n c e n t r a t i o n o f 
t h e e x u d a t i o n s a p w a s n o t i c e a b l y h i g h e r t h a n t h a t o f t h e e x t e r n a l s o l u t i o n . 
T h e p o t a s s i u m c o n c e n t r a t i o n w a s f r o m 2 . 2 0 t o 1 0 0 t i m e s a n d t h e c a l c i u m 
c o n c e n t r a t i o n f r o m O.es t o 40 .79 t i m e s t h a t o f t h e e x t e r n a l s o l u t i o n . 
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From her own experiments TRTJBETSKOVA also concluded that the con-
centration of each ion in the exudation sap was always approximately the 
same for that ion and was almost independent of the concentration of the 
external solution. The ratio of the ion concentration of the exudation sap to 
the corresponding concentration of the external solution she called the con-
centration factor. I ts relation to the concentration of the external solution 
she indicated by the formula, 
y = /e . C . 
where y is the concentration factor, C the concentration of the external 
solution, and k and n are constants. Of the curves representing this formula 
TRUBIÎTSKOVA says that they are similar to adsorption curves. 
As far as I understand, this formvila is, however, in opposition to her 
statement that the concentration of the sap is almost independent of the 
concentration of the external solution for, according to this formula, the 
concentration of the sap changes as that of the external solution changes. 
The chemical relations between the exudation sap and the external solu-
tion were determined also by another of SABININ'S associates, KOIvOTOVA 
(1927). She noted, using maize as test-plant, that the potassium and calcium 
concentration of the exudation sap was highest when the external solution 
was basic (Pj j 7—8) and decreased as P ^ decreased. The potassium concentra-
tion depended also upon the age of the plant. In those twenty-five days old 
it was the lowest, then increased and was constant in those over thirty days 
old. The calcium concentration was independent of the age of the plant. 
Exact comparative investigations of the relations between the osmotic 
pressure of the exudation sap and those of the soil solutions were made by 
G E B H A R D T ( 1 9 2 8 ) . He found that the osmotic pressure of the exudation sap 
depends on the soil in which the plants have grown and the effect of the soil 
depends above all on the osmotic pressure of the soil solution, and that the 
osmotic pressure of the exudation sap is greater than the mean osmotic 
pressure of the soil solution. 
Very interesting are his experiments with maize. The external solutions 
were K N O P ' S solutions of different concentrations. By determining the osmotic 
pressures of both the exudation sap and the corresponding external solutions 
he obtained the values recorded in table no. 1. 
T a b l e 1. 
Extract from table, composed by G E B H A R D T {1028), which gives the osmotic 
pressures of the exudation sap and of the corresponding external solutions, 
(Experiments with Z e a m ays.) 
External solution (atm.) O.a 0.8 0.6 0.0 O.2 O.2 O.i O.i 
Sap » 1-8 2.0 1.4 1.0 1 .2 1 .3 0 .8 0 .8 
10 T. Laine, On the Absorption of "Electrolytes by the Cut Roots of Plants 
Important determinations of the concentrations of the exudation sap were 
also made by SHARDAKOFF (1928), who at the same time studied the quanti-
tative composition of the guttation sap. He was able, using Brussels cabbage 
as test-plant, to show that the concentration of the exudation sap decreases 
from the butt end of the leaf-stalk to the leaf. It is lowest in the guttation 
sap. In table no. 2 are given examples of this. 
T a b l e 2. 
The calcium and potassium concentrations of the exudation and guttation sap. 
P a r t o f p l a n t . 
C a - c o n c e n t r a t i o n . 
( m g r . p e r l i t r e ) 
K - c o n c e n t r a t i o n . 
( m g r . p e r l i t r e ) 
B u t t e n d o f l e a f - s t a l k 
M i d d l e o f l e a f - s t a l k 
I / c a f - e n d o f l e a f - s t a l k 
E d g e o f l e a f 
G u t t a t i o n s a p 
6 0 8 — 9 9 0 
7 2 0 
5 6 4 — 8 1 9 
3 5 0 — 4 4 2 
9 1 — 1 2 5 
8 0 — 2 4 0 
2 2 4 
9 2 — 1 7 6 . 4 
3 5 — 8 9 . 2 
1 2 . 9 — 7 5 
The same variation was shown by the P04-concentration. The electrical 
conductivity of the exudation sap from the same parts of the plant was also 
measured and was also found to be highest in the butt end of the leaf-stalk 
to decrease towards the leaf, and to be lowest in the guttation sap. 
As is shown in the table, the potassium concentration of the exudation 
sap and the guttation sap is rather low as compared with the calcium concen-
tration. Several of the analyses of the soil extract made by SHARDAKOFF 
indicate, however, that the soil extract contained the compounds in question 
in the same proportion as did the guttation sap. From this he drew the con-
clusion that the ion concentration of the guttation sap depends on the salt 
concentration of the soil. Finally he emphasized the fact that the increase in 
concentration, which SABININ and TRUBETSKOVA have shown to take place 
in the exudation sap, takes place in the guttation sap. 
The absorption of phosphorus by a plant during different stages of its 
growth and the migration of phosphorus from different organs to others was 
studied by TUEVA (1929). Regarding the exudation sap, she made the obser-
vation that its phosphorus concentration is highest in plants from three to 
five weeks old, lowest in those seven weeks old, then increases again as the 
plant grows older. 
In this connection may also be mentioned the experiments carried out 
by PAVIvINOVA (1926) with the guttation sap. On experimenting with maize 
she found that the calcium concentration of the guttation sap is directly 
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proportional to the calcium concentration of the external solution and is 
about two-fifths of that of the latter. It is also proportional to the amount 
of calcium absorbed and stored by the plant. PAVIJNOVA noted also that the 
amount of calcium absorbed and stored by the plant is directly proportional 
to the calcium concentration of the external solution. The external solution 
was a KNOP'S solution. 
Although many of the investigations reported above have been thorough, 
they have not, however, thrown full light on the question of what relation 
exists between the chemical composition and the concentration of the exuda-
tion sap and the nature and concentration of the external solution. Although 
the object and procedure of the experiments of several investigators have 
been such that the subject in question should have been cleared up, at least 
partly, the lack of a sufficient number of parallel experiments has resulted 
in unsatisfactory results. For it is well known that, as LITVINOV (1926) 
remarks, marked individual differences may be noted in the action of the 
roots of plants. The object of this investigation is to determine the relation 
of the cation concentration of the exudation sap to the corresponding concen-
tration of the external solution by introducing into the analyses of the exuda-
tion sap statistical methods and partly by that means eliminating the indi-
vidual differences in plants. 
Method of Procedure. 
The test-plant used was the scarlet-runner, Phaseohis multi florns Willd. 
t)ar. coccinetis Lam. The seeds were germinated in birch saw-dust which had 
been previously washed. Of the resulting plants only those which had devel-
oped normally and which were similar in appearance were used. The root 
branches were removed so that only the main root remained. The plants 
were first washed in tapwater, then in distilled water and were planted in 
culture-vessels so that the roots extended through the holes in the porcelain 
cover into the solution. The cotyledons remained above the cover and hence 
did not come into contact with the solution. In each culture-vessel were placed 
ten plants. The walls of the vessels were covered with black paper. The 
nutrient solution was the following solution: 
KNO3 0.2 gr. 
KH2PO4 0.1 gr. 
MgvS04 . VHgO 0.1 gr. 
CaCla . 6H2O 0.x gr. 
Ferric tartrate O.ooi gr. 
Aqua destillata ad lOOO.o gr. 
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The salts used in the preparation of the nutrient solution, as well as in the 
experiments, were of KAHLBAUM'S »pro analysi» make or M E R C K ' S corresponding 
compounds. In the nutrient solutions ordinary distilled water was used, but 
in the experimental solutions water distilled in Jena glass vessels was used. 
The plants were grown until they were three weeks old; during this time 
new root branches grew on the plants. In the darkest period of the year the 
plants were illuminated by electricity. The conditions under which they were 
grown were kept as constant as possible. The culture-vessels were manufac-
tured by the Riihimäki glass works and were made of half-white sodium-
chalk-glass and were of 1200 ccni. capacity. The experiments were first made 
in Jena glass vessels of the same capacity as the culture-vessels, but as tests 
showed that experiments carried out in the former vessels gave exactly the 
same results, they only were used on account of their convenience. 
Before the plants were transferred to the experimental solutions the 
roots were washed very carefully in tapwater and rinsed in distilled water. 
The stems were cut below the cotyledons, since preliminary experiments had 
shown that scarcely any exudation takes place if the stem is cut above the 
cotyledons. (In this connection note S I L V E S T R P R A T ' S (1928a) observation, 
which he made while studying the lead absorption of the roots of Vicia f aha, 
that the absorption of lead by the roots takes place faster if the cotyledons 
are removed from the plant.) These decapitated roots were connected by 
rubber tubes to glass tubes, whose inner diameter was 3.6 mm; the upper 
ends of the glass tubes were stopped with cotton-wool. To support the 
glass tubes special apparatus was used. Although it was not possible 
to carry out the experiments in thermostats owing to their large number, 
great changes in the temperature were avoided as much as possible; likewise 
the illumination was kept similar in all experiments. So many parallel experi-
ments were made that the results were sufficient for statistical treatment in 
which the following formula was used to determine the average error of the 
mean value [LINDEBERG (1927)]: 
y n ill -{n-1) 
The average error of the difference was calculated from the formula: 
± Ve,' + 
The amount of exudation sap in the tubes was measured every 
twenty-four hours. When the exudation ceased the tubes were emptied and 
a chemical analysis was made. The duration of experiments was, therefore, 
different depending upon the nature and concentration of the external solu-
tions and the individual properties of different plants. For instance, in the 
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case of calcium chloride solutions of all concentrations and manganese chloride, 
when the external solutions were 10"^ normal, it was two days. With weaker 
manganese chloride solutions the duration of experiment was longer, from 
four to seven days, and with potassium chloride solutions of all concentrations 
from five to seven days. 
In the determination of manganese H E Y R O V S K Y - S H I K A T A ' S new electro-
analytical apparatus, the polarograph [J . H E Y R O V S K Y (1925), J . B R E Z I N A 
(1925), V. K E M U L A (1931), S. P R Ä T (1928 b), T. I . A I N E (1933)] was 
used, but the results were checked by using DAVIDSON-CAPEN'S (1929) 
chemical method. Practice showed that in using the DAVIDSON-CAPEN method 
the exudation sap had to be evaporated to dryness and the remainder then 
burned, since other compounds, probably organic, contained by the exuda-
tion sap otherwise hindered the formation of the permanganate. The potas-
sium determinations were made using P I N C U S S E N ' S (1930) method and were 
checked by the polarograph [J . H E Y R O V S K Y (1923)]. The calcium determi-
nations were made chemically only according to P I N C U S S E N ' S method, since 
the polarograph was not suitable for use in calcium analyses, which fact 
had been previously noted by H E Y R O V S K Y and B E R E Z I S K Y (1929). 
The roots used in the experiments were retained, were carefully washed 
and were then dried at a temperature of 80° C. When for three days in suc-
cession the weighings gave the same results the roots were considered dry. 
To determine the absorbed manganese the roots were analyzed according to 
DAVIDSON-CAPEN'S method. Before colourimetric determination the resulting 
permanganate solution was centrifuged until clear since filtration could not 
be used, as the substance used in filtering, even glass-wool, destroyed the 
colour of the solution. 
Experimental Part. 
1. The Application of the Polarograph to Exudation Sap Analyses. 
Since the polarograph had not been used in the analyses of the exudation 
sap of plants, it was necessary to make a few experiments to determine its 
adaptability. Exudation sap which was obtained from plants in manganese 
chloride solutions was studied by means of the polarograph. I t was then found 
that the manganous ion was brought out very clearly by the polarograph curve 
of the exudation sap (see fig. 1). 
When the concentration of the external solution was as low as 10"^ n., it 
vas still possible to detect the presence of manganese in the exudation sap. It 
seems, however, that when the external solutions contain salts of manganese 
the exudation sap obtained must be diluted and analyzed immediately, be-
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cause the exudation sap easily forms a precipitate, especially in undiluted 
solutions. Even then the manganese seems to change into a polarographically 
inactive form. This »inactivation» of manganese seems to be dependent upon 
the time, i.e., the longer the time, the greater the amount of inactive manga-
nese formed. PRIESTI^EY (1925) and IJTVINOV (1927) had also noted tha t 
the exudation sap, probably due to the effect of light, began to opalesce slowly. 
The quantitative determination of the potassium in the exudation sap 
by means of the polarograph is more difficult. Generally very shallow curves 
are obtained, in which the maxima are especially difficult to determine (see 
fig. 2). It appears that the dilution of the exudation sap with water is advan-
tageous to the formation of the polarograin for potassium, making the 
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maxima more distinct and acute. The small amounts of calcium in the sap 
hardly unite with the potassium to produce the potassium polarogram 
[ J . H E Y R O V S K Y ( 1 9 2 3 ) ] . 
The quantitative polarographic determination of the calcium in the exuda-
tion sap is perhaps impossible. Although the solutions are greatly diluted, 
below 10"^ n., no real maximum can be obtained. Since experiments indicate 
that there is always some magnesium in the exudation sap, there may be some 
interference of magnesium in the formation of the calcium polarogram, for 
have not H E Y R O V S K Y and B E R E Z I S K Y shown how magnesium, if there is 
enough of it in the solution, may greatly disturb, or may even entirely prevent 
the formation of the polarogram for the potassium in the same solution. 
Practice shows further that in the polarographic measurement of the con-
centrations of the exudation sap it is not necessary to use any additional 
conductive electrolyte, since the exudation sap seems always to contain 
sufficient amounts of other salts to keep its conductivity sufficiently high. 
I observed also that an exudation sap of high manganese concentration does 
not indicate an adsorption maximum phenomenon. Therefore it was not neces-
sary to add any surface-active compounds to the solution while making 
polarographic determinations. This indicates that the exudation sap itself 
must contain some strongly surface-active compounds. 
2. The Relationship between the Concentrations ot the Exudation Sap 
and those of the External Solution. 
According to SABININ'S formula, B = k{Px-Pe), the velocity of the exuda-
tion depends on the osmotic pressure of the external solution and therefore 
on its concentration. If the concentration of the external solution is suffi-
ciently high, the velocity of the exudation may be zero. Without going into 
his formula in detail it is important to know with what concentration of the 
external solutions the exudation is possible. For this purpose I made some 
preliminary experiments. The external solutions used were 10"^ and lO""* n. 
solutions of potassium, manganese and calcium chloride, and distilled water. 
I then observed that a 10~2 n. solution of calcium chloride already practically 
prevents exudation. In the case of manganese chloride and potassium chloride 
solutions, exudation was still possible at this concentration, and when the 
external solution was distilled water, the exudation appears to take 
place well (see page 36). (For further information see tables 20 and 21). 
Thus we find that in the experiments we may use manganese and potassium 
chloride solutions whose concentrations are 10"~2 n, or lower. On the other 
hand 10"^ n. calcium chloride solutions are the strongest that we may use 
(see table 19). 
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However, before we begin to study the dependence of the composition of 
the exudation sap on different external solutions it is important that we 
know what the composition of the exudation sap is when the external solution 
is distilled water. 
As was to be expected, my experiments showed that the sap in this case 
contained no manganese. With regards to potassium and calcium the case, 
however, was different. My experiments showed that the concentration of 
the exudation sap regarding potassium was (111.4 I6.9) x normal 
(eight parallel experiments) and regarding calcium (10.3 O.o) x 10"^ normal 
(ten parallel experiments) when the external solutions were distilled water. 
These amounts of potassium and calcium must have entered the exudation 
sap in some way or other from the root tissues. 
T a b l e 3. 
E x t e r n a l s o l u t i o n s . 
M e a n v a l u e s o f t h e 
m a n g a n e s e c o n c e n t r a -
t i o n s o f t h e e x u d a t i o n 
s a p s a n d t h e i r 
d i f f e r e n c e . 
1 0 - ' n . M n C l j 
1 1 0 " ^ n . » 
1 
1 0 " ^ n . M n C l ^ 
1 0 " ^ n . » 
1 
3 5 . 3 ± 5 . 4 ( 1 2 ) 
8.0 ± 2.1 ( 1 2 ) 
2 6 . 4 ± 5 . 8 
8 . 9 ± 2 .1 
4 . 9 ± 0 . 7 ( 1 2 ) 
4 . 0 ± 2 . 2 
10 -® n . M n C l j 
1 0 - * n . » 
3 5 . 3 ± 5 . 4 
4 . 9 ± 0 . 7 
3 0 . 4 ± 5 . 4 
1 0 - * n . M n C l ^ 
1 0 - ® n . » 
4 . 9 ± 0 . 7 
0 . 6 ± 0 . 1 ( 9 ) 
4 . 3 ± 0 . 7 
To find out how the concentration of the exudation sap depends on the 
concentration of the external solution, I arranged the following series of 
experiments. First I experimented with solutions of one salt, viz., 10"^, IQ-^ 
and 10""* n. solutions of potassium chloride, lO"^, iQ-^ and 10~® n. 
solutions of manganese chloride, 10"^ and 10"'* n. solutions of calcium chlo-
ride. When we compare the series of numbers denoting the concentrations 
of the exudation sap obtained with external solutions of different strength, 
applying the previously mentioned formulae for error calculation, we obtain 
the values given in tables 3—11. All numbers denoting the concentra-
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lions of the exudation sap refer to normals and must be multiplied by 10"^ 
to obtain the correct concentration. The numbers enclosed in parentheses 
denote the number of parallel experiments. 
Table 3 shows us, that between the series of numbers representing the 
exudation saps corresponding to the lO"^ ^ 10"^ and 10"^ n. external 
solutions of manganese chloride a distinct systematic difference exists, ex-
cept in case no. 2, where the difference is nearly probable. This indicates 
that the exudation saps corresponding to the external solutions of different 
concentration vary in strength. 
Now let us examine statistically the experiments with 10~3 and 
10 n. solutions of potassium chloride and with 10"^ and 10"^ n, solutions of 
calcium chloride (see tables 4 and 5). 
T a b l e 4. 
1 
1 
Tvxterual solutions. 
^lean values of the po-
tassiimi concentrations 
of the exudation saps 
and their difference. 
10-2 n . KCl 
10-=' n. » 
203.4 ± 13.5 (10) 
149 .5 ± 14.1 (13) 
53.» _t: 19 .5 
10-^ u. KCl 
10^ n. » 
149.5 ± 14.1 
119.« ± 11.a (17) 
~29.o ± 18.1 
10-2 jj 
10-* n. » 
203.4 ± IS..-» 
119.0 ± 11.3 
83.8 ± 17.6 
T a b l e 5. 
External solutions. 
Mean values of the cal-
cium concentrations of 
the exudation saps and 
their difference. 
10-=» n. CaClj 57 .4 ± 4 .7 (9) 
10-" n. » 39 .2 ± 2 .3 (11) 
18 .2 ± 5 .2 
In order that the differences in the concentrations of the exudation sap 
may be clearly noted, the differences in the concentrations of the external 
solution nuist, as is shown in tables 3, 4 and 5, be greater in the case of po-
tassium chloride than when the experiments are made using calcium or 
manganese chloride solutions. In the last two cases a tenfold difference in 
2 
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the concentrations of the external solutions is sufficient, but with potassium 
chloride the difference must be hundredfold. The exudation saps obtained 
with 10~2 and 10"^ n. external solutions of potassium chloride are obviously 
different in concentration, but in those obtained with 10"^ and 10"^ n. solutions 
there is no clear difference in the concentrations. The difference in the con-
centrations divided by the average error of the difference is, however, greater 
than one. 
Note however that when the external solution is distilled water the 
exudation sap contains both calcium and potassium as I have indicated 
previously (see page 16). 
Now let us compare the average concentrations of the saps with the 
corresponding concentrations of the external solutions (see table 6). 
T a b l e 6. 
Comparison of the concentrations of the exudation saps and the corresponding 
external solutions. Based on tables 3, 4 and 5. 
S o l u t i o n s . 
C o n c e n t r a t i o n s o f t h e 
e x t e r n a l s o l u t i o n s . 
C o r r e s p o n d i n g c a t i o n 
c o n c e n t r a t i o n s o f t h e 
e x u d a t i o n s a p s . 
P o t a s s i u m 
c h l o r i d e 
n o r m a l 
1 0 - ^ » 
1 ( ) - * » 
2 0 3 . 4 X 1 0 " * n o r m a l 
1 4 9 . 5 » » 
1 1 9 . 0 » » 
C a l c i u m 
c h l o r i d e 
l o - ^ ' » 
1 0 - " » 
5 7 . 4 » » 
3 9 . 2 » » 
.'{5.3 » » 
8 . 0 » » 
4.9 )> » 
O.o » » 
M a n g a n e s e 
c h l o r i d e 
1 0 - 2 » 
10 -® » 
l o - " » 
1 0 - ^ )> 
Table 6 indicates that as the concentration of the external solution increa-
ses, the corresponding concentration of the exudation sap also increases. Its 
increase does not take place in the same proportion as that of the external 
solution. When the latter increases tenfold, the concentration of the exuda-
tion sap increases to double its former amount at the most, depending upon 
the substance in question. Only very weak, below 10"^ n., solutions of man-
ganese chloride and probably also very weak solutions of the other salts differ 
in this respect, but there is a special reason for this, as we shall see later. 
Before we begin to make any broad deductions from the foregoing, let us see 
what the concentrations of the exudation saps are when the external solution 
is formed of the combined solutions of two salts. 
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Experiments with 10' 
T a b l e 7. 
and 10~* n. combined solutions of potassium and 
manganese chloride. 
External solutions. 
Mean values of the 
potassium concen-
trations of the exu-
dation saps and 
their difference. 
Mean values of the 
manganese concen-
trations of the exu-
dation saps and 
their difference. 
10-^ n. KCl -F 10-=' n. MnClg 
10-® n. » + 10"^ n. » 
330 .2 ± 23.6 (8) 
102 .2 ± 4 .7 (10) 
9 .5 ± 0 .7 (8) 
5 .3 •± 0 .6 (10) 
228.0 ± 24.1 4 .2 ± 0 .9 
10-® n. KCl + 10-® n. MnCl,. 
10^ n. » + 10-^ n. » 
102 .2 ± 4 .7 
93.3 ± 13.4 (8) 
8.9 ± 14.2 
5 .3 ± 0 .6 
2 .5 ± 0 .3 (8) 
2 .8 ± 0 .7 ! 
T a b l e 7 s h o w s t h a t t h e e x u d a t i o n s a p s o b t a i n e d f r o m t h e c o m b i n e d e x t e r -
n a l p o t a s s i u m a n d m a n g a n e s e c h l o r i d e s o l u t i o n s o f d i f f e r e n t c o n c e n t r a t i o n s 
d i f f e r i n m a n g a n e s e c o n c e n t r a t i o n . A s t h e m a n g a n e s e c o n c e n t r a t i o n o f t h e 
e x t e r n a l s o l u t i o n i n c r e a s e s t e n f o l d , t h e m a n g a n e s e c o n c e n t r a t i o n o f t h e e x u -
d a t i o n s a p i n c r e a s e s t w o f o l d , i . e . , n o t i n t h e s a m e p r o p o r t i o n a s t h e e x t e r n a l 
s o l u t i o n . W e s e e , t h e r e f o r e , t h a t r e g a r d i n g t h e m a n g a n e s e c o n c e n t r a t i o n s o f 
t h e e x u d a t i o n s a p s t h e s a m e r u l e h o l d s i n t h e c a s e o f t h e c o m b i n e d s o l u t i o n s 
w i t h p o t a s s i u m a s i n t h e s i m p l e s o l u t i o n s . T h e s a m e r u l e h o l d s a l s o w h e n 
t h e m a n g a n e s e c h l o r i d e i s c o m b i n e d w i t h c a l c i u m c h l o r i d e . T a b l e 8 , f o r 
i n s t a n c e , s h o w s t h a t t h e m a n g a n e s e c o n c e n t r a t i o n o f t h e e x u d a t i o n s a p 
i n c r e a s e s t o a b o u t d o u b l e i t s f o r m e r v a l u e w h e n t h e i n c r e a s e i n t h e m a n -
g a n e s e c o n c e n t r a t i o n o f t h e e x t e r n a l s o l u t i o n i s t e n f o l d . 
T a b 1 e 8. 
Experiments with 10-^ and IQ-* n. combined calcium and manganese 
chloride solutions. 
External solutions. 
Mean values of the 
manganese concen-
trations of the exu-
dation saps and 
their difference. 
Mean values of the 
calcium concentra-
tions of the exuda-
tion saps and their 
difference. 
10- ' n. CaCIj + 10-3 n. MnCl^  
10-« n. » + 10-« n. » 
G.i ± 0.6 (11) 
2 .8 ± 0 .2 (13) 
37.6 ± 1.9 (11) 
27.0 ± 1 .3 (13) 
3 .3 ± 0 .5 10.0 ± 2 .3 
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But what happens to the other component in each of the solutions, viz., 
potassium and calcium? Table 8 shows that the exudation saps differ regarding 
their calcium concentrations. Table 7 again shows, that when the external 
solutions are 10"^ and 10"^ n., there is no systematic difference between the 
potassium concentrations of the exudation saps, although the values for the 
average concentrations are different. But when the external solutions are 
10~2 and 10"^ n., there is a difference, approximately threefold, between 
the potassium concentrations of the exudation sap. Also for the combined 
solutions the same regularity exists as in the case of the simple solutions: 
as the potassium and calcium concentrations of the external solutions increase, 
so also do the concentrations of these ions in the exudation sap, but not in 
the same proportion. 
We have thus cleared up several cation concentrations of the exudation 
saps. We know also the corresponding concentrations of the external solutions. 
Now we inquire what relation exists between the concentration of each 
cation of the exudation sap and the corresponding concentrations of the exter-
nal solutions. On studying tables G and 9, we may note several very inter-
esting values. The exudation saps of those plants whose roots have been in 
10"^, 10"^ and n. combined solutions of manganese and potassium 
T a b l e 9 . 
Comparison of the concentrations of the exudation saps and the corresponding 
combined external solutions. Based on tables 7 and 8. 
S o l u t i o n s . 
C o r r e s p o n d i n g c a t i o n c o n c e n t r a t i o n s 
o f t h e s a p . 
P o t a s s i u m M a n g a n e s e 
1 0 - 2 K C l + 1 0 - 2 n . M n C l o 
i 1 0 - 3 n . » 1 0 - 3 n . » 
1 0 - ^ n . » -1- 1 0 " * n . » 
3 3 0 . 2 x 1 0 - « n . 
1 0 2 . 2 X 1 0 - « n . 
9 3 . 3 X 1 0 - « n . 
0 . 5 X 1 0 - « n . 
5.3 X 1 0 - « n . 
2 . 5 X 1 0 - « n . 
C a l c i u m 
1 1 0 - 3 n . C a C l a + 1 0 - 3 n . M n C l j ; 3 7 . 6 X 1 0 " ^ n . 
1 0 - « n . » -f~ 1 0 - * n . » 2 7 . 0 X 1 0 - ^ n . 
M a n g a n e s e 
6.1 X 1 0 - « n . 
2 . 8 X 1 0 - « n . 
chloride solutions, indicate 2.5 x 10"^ n., 5.3 x 10"^ n. and 9.5 x 10"^ n. 
concentrations of manganese. As we can see, these values bear a ratio of 
approximately 1 : 2 : 4 . A similar relation may be noted in the manganese 
concentrations of the exudation sap when the plants have been in 10"'* and 
n. combined solutions of calcium and manganese chloride, as well as 
when 10""* and 10"^ n. solutions of manganese chloride alone form the 
external solution (table G). The exudation saps obtained with 10"- and 10"^ 
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n . e x t e r n a l s o l u t i o n s o f m a n g a n e s e c h l o r i d e a r e a n e x c e p t i o n , h o w e v e r , s i n c e 
t h e c o n c e n t r a t i o n s o f t h e f o r m e r a r e a b o u t f o u r t i m e s t h e c o n c e n t r a t i o n s 
o f t h e e x u d a t i o n s a p s o b t a i n e d w i t h l O - ^ n . s o l u t i o n s ( 3 5 . 3 x 1 0 " ^ n . ) , a n d 
o f t h e l a t t e r a b o u t o n e e i g h t h o f t h o s e o b t a i n e d w i t h 1 0 " ^ n . s o l u t i o n s 
( 0 . 6 X 1 0 - 4 
T h e e x u d a t i o n s a p s o b t a i n e d f r o m 1 0 - ^ a n d l O " ^ n . s o l u t i o n s o f p o t a s -
s i u m c h l o r i d e a l s o i n d i c a t e a d e f i n i t e r e g u l a r i t y ( t a b l e G). I t s e e m s t h a t t h e i r 
p o t a s s i u m c o n c e n t r a t i o n s , 1 1 9 . 6 x I Q - ^ n . , 1 4 9 . 5 x 1 0 " ' » n . a n d 2 0 3 . 4 x 1 0 " ^ 
n . , b e a r a r a t i o o f a p p r o x i m a t e l y 1 : 1.3 : ( 1 .3 )2 ^ q o t h e r . T h e c o m b i n e d 
p o t a s s i u m a n d m a n g a n e s e c h l o r i d e s o l u t i o n s , h o w e v e r , d o n o t i n d i c a t e s u c h 
a r e g u l a r i t y r e g a r d i n g p o t a s s i u m . 
I n a d d i t i o n n o t e t h a t t h e r a t i o o f t h e c a l c i u m c o n c e n t r a t i o n s o f t h e e x u d a -
t i o n s a p s o b t a i n e d w i t h 1 0 " ^ a n d I Q - ^ n . e x t e r n a l s o l u t i o n s i s 1 . 4 6 i n t h e c a s e 
o f t h e s i m p l e c a l c i u m c h l o r i d e s o l u t i o n s a n d l . s o w i t h t h e c o m b i n e d s o l u t i o n s 
w i t h m a n g a n e s e , a l t h o u g h t h e c a l c i u m c o n c e n t r a t i o n o f t h e s a p s i n t h e c a s e 
o f t h e c o m b i n e d e x t e r n a l s o l u t i o n s i s m u c h l o w e r t h a n i t i s w h e n t h e s i m p l e 
c a l c i u m c h l o r i d e s o l u t i o n s f o r m t h e e x t e r n a l s o l u t i o n s . T h u s t h e r a t i o 
m e n t i o n e d a b o v e w e m a y c o n s i d e r t o b e a p p r o x i m a t e l y 1 . 4 . 
L e t u s i n v e s t i g a t e m o r e c l o s e l y t h e c a s e w h e r e t h e e x t e r n a l s o l u t i o n i s 
a n . s o l u t i o n o f m a n g a n e s e c h l o r i d e . W h e n t h e e x t e r n a l s o l u t i o n s , a f t e r 
t h e r o o t s h a d b e e n t a k e n o u t , w e r e a n a l y z e d b y t h e p o l a r o g r a p h , n o m a n g a n e s e 
c u r v e w a s o b t a i n e d ( e l e v e n p a r a l l e l e x p e r i m e n t s ) . S e v e r a l r o o t a n a l y s e s i n d i -
c a t e d a l s o t h a t i t i s l i k e l y t h a t a l l t h e m a n g a n e s e o f t h e e x t e r n a l s o l u t i o n s 
h a s b e e n a b s o r b e d b y t h e r o o t s . F o r t h e s e r e a s o n s , t h e e x u d a t i o n s a p d i d 
n o t c o n t a i n a s u f f i c i e n t o r , s h o u l d I s a y , t h e r e g u l a r a m o u n t o f m a n g a n e s e . 
W h e n t h e a m o u n t o b t a i n a b l e f r o m a s o l u t i o n i s s u f f i c i e n t , a p r o p o r t i o n a l 
a m o u n t g o e s i n t o t h e e x u d a t i o n s a p f r o m e v e n a 1 0 " ^ n . s o l u t i o n . T h i s i s 
i n d i c a t e d b y t h e f o l l o w i n g e x p e r i m e n t s . 
W h e n , f o r e x a m p l e , I c a r r i e d o u t e x p e r i m e n t s w i t h 1 0 " ' ^ n . f l o w i n g s o l u -
t i o n s o f m a n g a n e s e c h l o r i d e , i n w h i c h t h e e x t e r n a l s o l u t i o n c h a n g e d a b o u t 
t h r e e t i m e s e v e r y t w e n t y - f o u r h o u r s , t h e c o n c e n t r a t i o n s o f t h e e x u d a t i o n s a p 
f r o m t h e p l a n t s i n s u c h s o l u t i o n s w e r e f o u n d t o b e m u c h h i g h e r , 2 . 6 x 1 0 " ^ n . 
o n t h e a v e r a g e ( s e e t a b l e 1 0 ) . W e f i n d t h a t t h e c o n c e n t r a t i o n s o f t h e e x u d a t i o n 
s a p o b t a i n e d w i t h a 1 0 " ^ n . f l o w i n g s o l u t i o n a n d a l O - ' ^ n . s t a n d i n g s o l u t i o n , 
2 . 6 X 1 0 - 4 jj a n d 4 .9 x l O ^ ^ n . , b e a r a r a t i o o f a p p r o x i m a t e l y 1 : 2 t o e a c h 
o t h e r . P e r h a p s w e s h o u l d n o t c o m p a r e t h e s e e x p e r i m e n t s w h i c h h a v e b e e n 
c a r r i e d o u t s o d i f f e r e n t l y , b u t t h e c o m p a r i s o n o f e x p e r i m e n t s w i t h l O - ^ n . 
f l o w i n g a n d s t a n d i n g s o l u t i o n s ( s e e t a b l e 1 1 ) o f m a n g a n e s e c h l o r i d e g i v e s u s 
s o m e r i g h t t o d o t h i s . F r o m t a b l e 1 1 w e s e e t h a t t h e r e i s n o c l e a r s y s t e m a t i c 
d i f f e r e n c e b e t w e e n t h e m a n g a n e s e c o n c e n t r a t i o n s o f t h e e x u d a t i o n s a p o b -
t a i n e d i n e a c h w a y . W e m a y n o t e a l s o t h a t t h e c o n c e n t r a t i o n s o f t h e e x u d a -
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tion sap, 2.« x 10"'* n. and 11.« X 10"^ n., obtained from 10"'' and 10~3 n. 
flowing solutions of manganese chloride bear a ratio of approximately 1 to 4, 
in accordance with the principle mentioned above. 
T a b l e 10. 
Comparison of the manganese concentrations of the exudation 
saps. The external solutions were n. flowing and 
standing solutions of manganese chloride. 
External solutions. 
Mean values of the con-
centrations of the exuda-
tion saps and their 
difference. 
10-5 flowing MnClg 
IQ-^  n. standing » 
2 .6 ± 0 .4 (10) 
0.6 ± 0.1 (9) 
2 .0 ± 0.4 
T a b l e 11. 
Comparison of the manganese concentrations of the exudation 
saps. The external solutions were normal standing 
and flowing solutions of manganese chloride. 
External solutions. 
Mean values of the con-
centrations of the exuda-
tion saps and their 
dinerence. 
10-3 11 flowing MnCla 
lO-'' n. standing » 
H.6 ± 1 .9 (7) 
8 .9 ± 2.1 (12) 
2.7 ± 2.8 
Thus we have seen that when the concentrations of the external man-
ganese chloride solutions vary as the numbers 1, 10, 100, 1000 and so on, 
the concentrations of the exudation sap vary as the numbers 1, 2, 4, 8, etc. 
And such is the case whether the solutions in question are simple or combined, 
except when the external solution is a 10"^ n. solution of purely manganese 
chloride. And even then the concentration is only about twice as great as 
it should be according to the principle previously mentioned. 
Thus if we let the concentrations of the external solutions increase as the 
terms of the geometric progression 
a, av, av^, 
in which the common ratio v ~ 10, the manganese concentrations of the 
exudation sap increase as the terms of the following geometric progression 
b, bit, bn^, 
in which the common ratio n — 2. 
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Now let us represent the interdependence of the common ratios, ti and 
V, by the equation: 
uP = {vP) " 
On solving this equation, we obtain: 
lop V 
2 n = logti 
from which, by substituting for v and ti their numerical values, we obtain 
for the value of n 3.3, which is in this case the value of the constant charac-
teristic for manganese. 
If we now write b = k' - a and multiply the left-hand term of equation 
1 by b and the right-hand term by k' • a, we shall obtain the following formula: 
b - uP = k' ' a {vP) " 
This equation we may write in the form: 
n-l i_ 
b. uP = k' .a " {a-vY 
As is shown on page 28 the term b • u^ is the concentration of the exuda-
tion sap which we may denote by s, and a • v^ the concentration (c) of the 
n-l 
external solution. If we now write k' • a = k the equation takes the form: 
1 
s = k • c 
In this equation k is a constant characteristic for manganese, and its value 
can be obtained from formula 4 by substituting for n its value 3.3 and solving 
for k. 
The penetration of pure potassium chloride solutions into the exudation 
sap may also, in certain limits, corresponding in this case to external solutions 
from to 10"^ normal in concentration, be represented by equation 4 (see 
page 16), Then the values for k and n are, of course, different. According to 
. log 10 
equation 2, n, in this case, ^^  or approximately 8.8, since the con-
centration ratio of the exudation sap obtained with pure potassium chloride 
solutions is about 1.3. 
The ratio of the calcium concentrations of the exudation saps we have found, 
as is shown on page 21, to be about 1.4, when that of the external solutions 
is 10. If we calculate the value of n according to this, we shall obtain for 
'^ca approximately 6.8. We find therefore that under the same conditions 
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iSC-lå~'* 
W-10 
Jiicormimail 
Mm,imn/ik) 
/ïlMccrn^^) 
the values of n vary 
1 
f o r 
/o-' /0'^ 
F i g . 3. 
different elements; = 0.3, 
^»Mn 
1 1 
- == 0.15, — = 0.1, And we 
Wca W k 
obtain the following series of 
fractional exponents: 
1 1 1 
> - > -
^ ÎMn Wca ^^K 
When we calculate the 
values of the constant k for 
each substance from equation 
4 we obtain the following 
series: 
^ K > /^Ca > k^n 
for ~ O.oot, when the ex-
ternal solution is a combined 
manganese chloride solution, 
and (possibly) about O.oos, 
when the external solution is 
a simple solution. From the 
same formula we obtain O.oic 
for the value of Ä^ a ^.oss 
for kj^  when the external 
solutions are simple solutions. 
But the values of k and n 
were also determined in an-
other way, viz., by using the 
graphic interpolation method 
[I'REUNDLICH (1907)] and the 
same values were obtained 
as by the above method. 
Equation 4 indicates how 
the concentration of a defi-
nite cation in the exudation 
sap depends upon the corres-
ponding concentration of the 
external solution. Let us call 
it the concentration equation 
of the exudation sap. Gra-
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phically represented it is a logarithmic curve, which is determined by the 
constants k and n. Since, as we have just seen, the values of k and n differ 
for each element, the nature of the curve depends upon the permeating sub-
stance. In fig. 3 are presented the concentration curves for potassium, cal-
cium and manganese. 
3. The Accumulation of Manganese into the Roots. 
We have already mentioned that the polarographic measurements of the 
solutions of manganese chloride, originally 10"^ n., in which the roots had been 
immersed for two days, did not give any curve for manganese. Since the 
average rise of these exudation saps for each glass tube was 5.8 cm. in two 
days (one hundred parallel experiments), and the diameter of the tubes was 
3.0 mm., the quantity of exudation sap for each root was O.59 ccm. 
In each culture-vessel there were ten roots and the manganese concentra-
tion of the exudation sap was O.c x 10"^ n. (see table 10). So for each 
culture-vessel the exudation was 5.o ccm. of the O.o x 10"'* n. manganese 
chloride solution. Originally there were 1200 ccm. of a O.i X 10"^ n. manganese 
chloride solution. Of the manganese in the external solution about 3.5 % 
had disappeared through exudation; this is so little that it is not indicated 
by the polarograph, since the error in polarographic determination is about 
5 % [ K E M U L A (1931)]. I f the manganese, therefore, had disappeared from 
the external solution only through exudation a polarographic wave of the 
original size, about 5 mm. high, should have been obtained for manganese. 
Since such was not the case the manganese must have gone from the solution 
in some other way. 
I t is obvious that some of the nutrient salts absorbed by the plants may 
also remain in the roots, and it is not to be supposed that manganese should 
be an exception to this. LUNDEGÂRDH (1932) has shown that large amounts 
of manganese precipitate — as the peroxide, he believes — in the roots. To 
find out the amounts of manganese from solutions of different concentrations, 
simple and combined, that remain in the roots, I made several experiments, 
the results of which are given in table 12. The roots, which had been in 10-2^ 
10"^ and 10"^ n. solutions of manganese chloride, in combined solutions with 
potassium chloride of the same concentrations, and in combined 10"^ and 
10"^ n. solutions of manganese and calcium chloride, were washed, dried, 
weighed and analyzed as described on page 13. 
In table 12 is given the quantity of manganese, a, absorbed by the 
ten roots divided by the dry weight, m, of the ten roots, or the quantity of 
manganese absorbed per mgr. of dry matter of the roots. From the table 
we see that large quantities of manganese do remain in the roots. From a 
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s i m p l e s o l u t i o n , 1 0 " ^ n . r e g a r d i n g m a n g a n e s e , 1 .7 m g r . o f m a n g a n e s e r e m a i n 
i n t h e t e n r o o t s . I n t h e s a m e t i m e f r o m a 1 0 " ^ n . s o l u t i o n , 3 . 5 m g r . a n d f r o m 
a n . s o l u t i o n , 7 . i m g r . o f p u r e m a n g a n e s e a r e a b s o r b e d b y t h e r o o t s . 
W h e n t h e r a t i o s , w h i c h a r e o b t a i n e d a s d e s c r i b e d a b o v e , f r o m e x t e r n a l s o l u -
t i o n s o f d i f f e r e n t c o n c e n t r a t i o n s , v i z . , 1 0 " ^ , a n d n . , a r e c o m p a r e d 
w i t h e a c h o t h e r , r a t i o s g i v e n i n t a b l e 1 3 a r e o b t a i n e d . 
T a b l e 1 2 . 
Analyses of the roots that have been immersed in simple manganese chloride solutions 
and in combined solutions with calcium and potassium. Each of parallel experi-
ments contained ten plants. 
j 
! External solutions. a 
1 
m 
("igr.) 
a 
m 
Number of 
parallel 
experi-
ments. 
10-» n MnClg 1.7 1 431 0 . 0 0 3 9 ! 4 1 
10-3 » » 3 . 5 442 0.OO79 1 ' ! 
10-2 » » 1 7 . 1 1 414 1 0.O171 1 7 
j 10-« n. MnClj + 10-« n. KCl . . 1 . 6 435 0 . 0 0 3 7 5 
10-3 » » + 10-3 » » . . 3 . 1 408 1 0.OO76 1 
10-2 » » + 10-2 » . . ! 6 . 5 1 397 0 .O164 8 i 
10-« n . M n C l a + 10-« n. CaClj.. 1.6 480 0.OO33 10 
10-3 » » + 1 0-3 » » 3.7 567 0.OO65 ' 1 9 
T a b l e 1 3 . 
Ratios of the amounts of manganese absorbed by one mgr. of the dry weight of the 
roots from tnanganese chloride solutions whose concentrations bear a 
ratio of 10. 
Pure manganese 
chloride solutions. 
Combined potassium 
and manganese 
chloride solutions. 
Combined calcium 
and manganese 
chloride solutions. 
m, m^ 
a, a. 
= 2.0 
>«3 m 4 
a, a, -3 : - i = 2.0 
W3 m^ 
a, a. 
2.2 
W 2 3 
a, a~ \ 
— : - - = 2.2 
m 2 m 3 
T h e r a t i o s g i v e n i n t a b l e 1 3 w e m a y c o n s i d e r e q u a l a n d = 2 a p p r o x . 
T h i s m e a n s t h a t w h e n t h e m a n g a n e s e c o n c e n t r a t i o n o f t h e e x t e r n a l s o l u t i o n 
i n c r e a s e s t e n , a h u n d r e d a n d a t h o u s a n d f o l d , t h e a m o u n t o f m a n g a n e s e 
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absorbed by equal amounts of the dry matter of the roots increases two-, 
four- and eightfold. If we wish to determine the dependence of the amount 
of manganese which has remained in the roots upon the concentration of the 
external solution, it may be easily noted that we shall obtain an equation 
which resembles very nuich the equation for the exudation sap concentra-
tion obtained above. If we denote by a the axnount of manganese absorbed 
by one milligram of the root dry matter and by c the concentration of the 
external manganese chloride solution, we shall obtain equation 5 (see deduc-
tion on page 23). 
1 
r. — 1 n a = k^' C 
k^ and n are constants, and the value of n, calculated from equation 2 is 
now also 3.3. 
Now the question arises: in what form are such large amounts of manga-
nese to be found in the roots. I found no way by which this could be fully 
determined. I did find, however, that the greater part of the manganese in 
the roots is in a form which is insoluble in water. When I digested for three 
weeks in 150 ccm. of distilled water roots which had been over forty-eight 
hours in a lO"^ n. manganese chloride solution (three parallel experiments), 
and after drying, analyzed them, there appeared to be almost the same amount 
of manganese, 7.7 mgr., in the ten roots as there had been in the ten 
undigested roots. )^ The dry weight of the ten roots after digestion was 
about 400 mgr. 
When the digesting solutions were then studied polarographically, they 
were found to contain about 1.8 mgr. of manganese. 
As the ten roots contained after digestion 7.7 mgr. of manganese, the amount 
of manganese in the roots before digestion was approximately 9,5 mgr. So 
we find that about 80 % of the manganese in the roots is in a form which is 
insoluble in water. According to LYIINDEGÅRDII (1932), it is to be supposed 
that the insoluble part of the manganese in the roots is in the form of the 
peroxide. This supposition is probably correct, although I observed no dark 
peroxide grains in the root tissues when I studied sections of the roots 
under a microscope. 
1) Before digestion the roots were washed thoroughly. Then they were placed 
in Erlenmeyer bottles, ten roots in each. The bottles contained 150 ccm. of 
distilled water and were stoppered with cotton-wool. They were then sterilized 
in an autoclave under a pressure of two atmospheres, during which the roots 
were killed. The bottles were not opened and the roots were allowed to digest 
for three weeks in this water, 1 hus the destruction of the cells of the roots 
through decay was prevented and therefore the insoluble manganese salts of 
the cells did not enter the solution. 
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4. The Accumulation of Thallium into the Roots. 
Very interesting from the viewpoint of the accumulation of manganese 
into the roots seem to be those investigations which I have made on the thallium 
absorption of the cut roots, since thallium, like manganese is not originally 
present in the plant. Although my investigations still continue I shall men-
tion in this connection however briefly those results which I already have 
obtained regarding the accunuilation of thallium into the cut roots. 
The experiments were carried out in the same way as the previous experi-
ments. The external solutions used were 10"-, 10"^ and 10"^ normal thallious 
sulphate solutions. I carried out three parallel experiments, each comprising 
ten plants. When the roots had been washed, dried, weighed and burned, to the 
ash were added five drops of concentrated sulphuric acid which was then 
diluted with water to 50 ccm. and heated to boiling. From the solutions 
thus obtained the thallium was determined polarographically. Table 
gives us the results obtained. 
T a b l e 1 4 . 
Analyses of roots that have been immersed in thallious sulphate solutions 
for two days. 
E x t e r n a l T I 2 S O 4 s o l u t i o n s . 
1 0 ~ * n o r m a l 1 0 " ^ n o r m a l 1 0 - 2 n o r m a l 
a m a m a ; m 
2 . 3 m g r . 6 1 7 m g r . 4 . 6 m g r . 5 8 3 m g r . 
1 
9 .1 m g r . 5 1 7 m g r . ' 
a, 
— = 0.OO37 
« 3 
= 0 . 0070 
W 3 
a , i 
- = 0 . 0 1 7 0 1 
m^ ! 
As table 14 indicates, the amounts of thallium absorbed by one milli-
a 
gram of the dry matter of the roots, —, bear a ratio of approximately the 
f f l 
numbers 1, 2 and 4. To represent the dependence of these amounts of thallium 
upon the concentration of the external solution we obtain, therefore, the follo-
wing equation: 
1 
G. — = k ' C m 
A remarkable fact is that the value for the constant n in this case seems 
to be approximately the same as that for manganese, i.e., about 3.3; and per-
haps more remarkable is that between those values which denote the amounts 
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of manganese and thallium absorbed by one milligram of the dry matter of 
the roots there seems to be no appreciable difference when the concentrations 
of the external solutions are the same (see tables 12 and 14). 
5. The Influence of Flowing External Solutions on the Absorption 
of Manganese. 
As my reader has noticed, I have deduced the equations 4 and 5 empiri-
cally. Now it is necessary to find out if it is possible to deduce them theo-
retically in some way or other. When we study the equations we cannot 
help noting that they show a marked resemblance to F R E U N D I J C H ' S equation 
for the adsorption isotherm. Our attention is drawn first to equation 5. In 
this as well as in FREUNDLICH'S equation, a has the same significance, namely, 
the amount of substance taken up by one milligram of the adsorbent. I t 
seems also that the constants k and n stand for the same thing in equation 
F) as in FREUNDLICH'S equation. On the other hand, c does not denote the 
same thing in both the equations. By c I have denoted the original concen-
tration of the external solution; by c FREUNDLICH denotes the concentration 
of the external solution at the end of the experiment or, in other words, the 
equilibrium concentration of the external solution. 
But what is the equilibrium concentration of the external solution in my 
experiments? Its direct measurement is difficult. If, for instance, the external 
solution is very weak, about 10"^ n., its concentration decreases so much 
through the action of the roots that the substance in question can not be 
detected in it at all, as we have shown earlier. If, again, the original concen-
tration is high, 10"^ n. or greater, the decrease in the concentration of the external 
solution due to the action of the roots is so small that it cannot be detected 
by even so sensitive an apparatus as the polarograph. Therefore an indirect 
method must be used: subtract the amount absorbed by the roots plus the 
amount which is in the exudation sap from the total amount which the solu-
tion contained. By doing this we obtain for the solutions the equilibrium 
concentrations given in table 15. 
As we see from table 15, the numbers which denote the ratio of the equi-
librium. concentrations of two successive external solutions whose original 
concentrations vary as the numbers 10 and 1, are not equal. So the pheno-
menon does not seem to be fully analogous to the adsorption phenomenon of 
FREUNDLICH. Practically speaking however, the difference in these phenomena 
is negligible. The equilibrium concentrations given may not correctly represent 
the true equilibrium between the solution and the roots. I t may be that the 
whole solution is not physiologically active. We have seen that the concen-
tration of the exudation sap is ver>' seldom the same as that of the external 
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T a b l e 15. 
Decrease in the concentrations of standing manganese chloride solutions in 
two days through the action of the roots. 
. O r i g i n a l c o n c e n -
Î t r a t i o n s o f t h e 
e x t e r n a l s o l u t i o n s . 
E q u i l i b r i u m c o n -
c e n t r a t i o n s o f t h e 
e x t e r n a l s o l u t i o n s . 
D e c r e a s e i n t h e 
c o n c e n t r a t i o n s o f 
e x t e r n a l s o l u t i o n s . 
R a t i o s o f 
s u c c e s s i v e 
e q u i l i b r i u m 
c o n c e n t r a t i o n s . 
1 0 0 0 x 1 0 - 5 n . 9 7 8 . 5 x 1 0 - 5 n . 2.2 % 
9 7 8 . 5 
= 10 . 9 
8 9 . 4 
l O O x l O - ^ ' n . 8 9 . 4 X 1 0 - 5 n . 10.0 % 
1 
8 9 . 4 
= 18.0 
4 . 8 
1 
l O x l O - ' ^ n . 4 . 8 x 1 0 - 5 n . 
1 
5 2 . 0 % 1 
I X l O - ' ^ n . 0 1 0 0 % 
s o l u t i o n . O f t e n i t s c o n c e n t r a t i o n m a y b e h i g h e r t h a n t h a t o f t h e e x t e r n a l 
s o l u t i o n . T h i s m a y g i v e r e a s o n t o b e l i e v e t h a t t h e c o n c e n t r a t i o n o f t h e 
e x t e r n a l s o l u t i o n i s n o t t h e s a m e t h r o u g h o u t t h e s o l u t i o n b u t t h a t i n i t d e h o m o -
g e n i s a t i o n t a k e s p l a c e s o t h a t t h e c o n c e n t r a t i o n o f t h e s o l u t i o n i m m e d i a t e l y 
a r o u n d t h e r o o t s i s l o w e r t h a n e l s e w h e r e i n t h e s o l u t i o n . 
I f , t h e r e f o r e , t h e r o o t s o f t h e p l a n t s a r e s u r r o u n d e d b y s u c h a l a y e r , w h o s e 
c o n c e n t r a t i o n d i f f e r s f r o m t h a t o f t h e r e s t o f t h e s o l u t i o n , o n l y t h i s s u r -
r o u n d i n g s o l u t i o n i s p h y s i o l o g i c a l l y a c t i v e . T h e r e s t o f t h e s o l u t i o n a c t s 
u p o n t h e r o o t s o f t h e p l a n t s o n l y t h r o u g h t h e a g e n c y o f t h i s l a y e r . T h e 
c o n c e n t r a t i o n o f t h i s e q u i l i b r i u m l a y e r c a n s c a r c e l y b e m e a s u r e d i n a n y w a y . 
I n t o t h i s l a y e r n e w i o n s c a n c o m e o n l y b y a r e l a t i v e l y s l o w d i f f u s i o n . T o t h i s 
i s d u e t h e f a c t t h a t i f t h e e x t e r n a l s o l u t i o n i s m e c h a n i c a l l y m i x e d o r i s a r r a n g e d 
t o f l o w c o n t i n u a l l y , t h e e q u i l i b r i u m o f t h i s p h y s i o l o g i c a l l y a c t i v e l a y e r i s 
d i s t u r b e d . T o f i n d o u t i f s u c h i s t h e c a s e I m a d e t h e e x p e r i m e n t s r e c o r d e d 
i n t a b l e 1 6 w i t h f l o w i n g 1 0 " ^ , 1 0 " ^ , 1 0 " ' ' a n d 1 0 " ^ n . s o l u t i o n s o f m a n g a n e s e 
c h l o r i d e . S i n c e t h e e x t e r n a l s o l u t i o n s a r e b e i n g c o n s t a n t l y r e n e w e d , w e m a y 
c o n s i d e r t h e i r c o n c e n t r a t i o n c o n s t a n t . N o w , i f t h e a m o u n t s o f m a n g a n e s e 
a b s o r b e d b y t h e r o o t s s t i l l i n c r e a s e i n g e o m e t r i c p r o p o r t i o n , w h e n t h e 
e x t e r n a l s o l u t i o n s d o , w e h a v e p r o v e d t h a t t h e a b s o r p t i o n p r o c e s s o f m a n g a n e s e 
i n t h e r o o t s i s , i n f o r m a t l e a s t , s i m i l a r t o t h e a d s o r p t i o n p h e n o m e n o n o f 
F R E U N D L I C H . 
T h e e x p e r i m e n t s w e r e c a r r i e d o u t i n 1 2 0 0 c c m . c u l t u r e - v e s s e l s , a s w e r e 
t h e e a r l i e r e x p e r i m e n t s . T h r e e p a r a l l e l e x p e r i m e n t s w e r e c o n d u c t e d , e a c h 
o f w h i c h c o m p r i s e d t e n p l a n t s . T h e e x p e r i m e n t a l s o l u t i o n w a s a l l o w e d t o 
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flow through glass tubes from containers to the bottom of the vessels, and 
the excess was allowed to run over the edges of the vessels. The rate of flow 
of the solution was such that the solution in the culture-vessels was renewed 
seven times in twenty-four hours. As the duration of the experiments was two 
days the roots in each vessel came into contact with 18 litres of the experi-
mental solution. 
I made sure that the solutions in the vessels were thoroughly mixed from 
the bottom to the edges of the vessel by doing the same experiments with 
water to which had been added methyl blue. I then found that the coloured 
solution was homogeneous throughout the experiment. When, after two days 
the experiments were discontinued, the roots were washed, dried, weighed 
and analyzed as before, the results which are reported in table 16 were ob-
tained. 
T A B L E 1 6 . 
Analyses of the roots that have been immersed in flowing manganese chloride 
solutions two days. 
External solutions. 
10-s n. MnCla lO--» n. MnCIa 10-3 ji, MnCla 10-2 n. MnClj 
a m a m a ; m a 1 w 
1.6 mgr. 500 mgr. 2.8 mgr. j 467 mgr. 5.0 mgr. 483 mgr. 10.8 mgr.j450 mgr. 
a, 
- == 0.0030 me-r. 
m 6 
— = O.006O mgr. — = 0.0122 m g r . 
>«3 
«2 — = 0.0240 mgr. 
W2 
In the lowest column of table 16 are given the amounts of manganese 
absorbed by one mgr. of the dry matter of the roots in each case. We can 
see that these amounts, O.ooso, O.oono, 0.0122, O.0240 mgr. vary as the numbers 
1, 2, 8. When we represent this absorption of manganese mathematically, 
we obtain an equation similar to the one obtained above (5). (See 
equation 7). 
1 
7. (1= k^. c 
We see that the value of n is now the same as before but the value of 
is greater than that of k^, because the left-hand term, a, of the equation 
is in this case, under the same conditions, about one and one-half times as 
great as in 5 (see table 18). 
Let us now investigate what significance c has in equation 7. According 
to table 17 the equilibrium concentrations of the external solutions, when 
flowing solutions are used, are 997.8 x 10"^, 98.8 x 10"^, 9.4 x and 
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T a b l e 1 7 . 
Decrease in the concentrations of flowing manganese chloride solutions in 
two days through the action of the roots. 
, O r i g i n a l c o n c e n -
t r a t i o n o f t h e 
e x t e r n a l s o l u t i o n s . 
E q u i l i b r i u m c o n -
c e n t r a t i o n s o f t h e 
e x t e r n a l s o l u t i o n s . 
D e c r e a s e i n t h e 
c o n c e n t r a t i o n s o f 
t h e e x t e r n a l 
s o l u t i o n s . 
R a t i o s o f s u c c e s -
s i v e e q u i l i b r i u m 
c o n c e n t r a t i o n s . 
' 1 0 0 0 X 1 0 - 5 n . 9 9 7 . 8 X 10-® n . 0 .2 % 
9 9 7 . 8 
== 10.1 
9 8 . 8 
; 100 x 10-® n . 
! 
1 
9 8 . 8 X 10-® n . 1.2 % 
9 8 . 8 
1 0 . 5 
9 . 4 
' 1 0 x 1 0 - 5 n . 9 . 4 X 10 "® n . 6.0 % 
9 . 4 
- - = 1 3 . 4 
0 . 7 
1 
1 
1 
j 
1 1 X 1 0 " ^ n . 0 . 7 X 10-® n . 30.O % 
0.7 X 10"^ n,, when the corresponding original concentrations are 1000 X 10"^, 
100 X 10"^, 10 X and 1 x 10-^ n. The first three bear a ratio of approxi-
mately 100 : 10 : 1. The ratio of the last two 13.4 does not vary from this 
very much. We find therefore that in the first three cases at least the con-
centration of the external solution has been constant and equal to the original 
concentration. We have therefore, full right to say that c in these cases, in 
equation 7, stands for the equihbrium concentration of the external solution 
also, so that it has the same significance in equation 7 as in F R E U N D I J C H ' S 
equation for the adsorption isotherm. I have, therefore, been able to prove 
that the absorption of manganese bj- the roots of a plant, follows, at least 
in definite limits, F R E U N D L I C H ' S adsorption law, although the phenomenon 
obviously is not quite so simple. 
And now we shall investigate again the equation for the exudation sap 
concentration, viz., equation 4. Its left-hand term represents, as will be 
remembered, the concentration of the exudation sap. The right-hand term, 
on the other hand, is analogous to the right-hand terms of the equations 
5 and 7. If the rate of exudation were always the same and consequently 
independent of the concentration of the external solution, we might in place 
of s in equation 4 write a which denotes the amount of the element con-
tained by the exudation sap. Equation 4 would then represent the adsorption 
equation in the form given by F R E U N D L I C H . 
But is the rate of exudation independent of the concentration of the external 
solution? 
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T a b l e 18. 
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Comparison of the amounts of manganese absorbed by one mgr. of the dry weight 
of the roots from flowing and standing solutions of manganese chloride. 
! 
1 Original concen-
trations of the 
external solutions. 
Anioixnt of manganese absorbed by 
one mgr. of the dry weight of the 
roots from: 
Ratio of the | 
amounts of man- i 
ganese from flo- j 
wing solutions to ! 
those from stan-
ding solutions. i flowing solutions. standing solutions. 
^ 1 0 - 2 
1 
0.O24O m g r . 0.O171 m g r . 
0.O24O 
= 1 . 4 
0 .0171 
1 
1 1 0 - 3 0.O122 m g r . 0 .O079 m g r . 
0 . 0 1 2 2 
0.0O7Ö 
1 0 - t n. 
1 
0.OO6O m g r . 0.O039 m g r . 
0.OO6O 
= 1 . 5 
0 . 0 0 3 9 
6. The Rate of Exudation. 
T h e p r e l i m i n a r y e x p e r i m e n t s , i n w h i c h I h a v e m e a s u r e d t h e a m o u n t o f 
e x u d a t i o n s a p t h a t h a s risen i n t o v e r t i c a l t u b e s , w h i c h h a d b e e n c o n n e c t e d 
t o t h e r o o t s , f o r e q u a l l e n g t h s o f t i m e , h a v e i n d i c a t e d t h a t t h e h e i g h t s o f 
t h e e x u d a t i o n s a p c o l u m n s d e c r e a s e a s t h e c o n c e n t r a t i o n o f t h e e x t e r n a l 
s o l u t i o n i n c r e a s e s ( s e e p a g e 1 6 ) , W e s h a l l n o w i n v e s t i g a t e t h i s p h e n o m e n o n 
m o r e c l o s e l y . 
T a b l e 19. 
The heights {cm.) of the exudation sap columns in the glass 
tubes at the end of two days. 
Average heights of the exuda-
E x t e r n a l s o l u t i o n s . ' t i o n s a p c o l u m n s a n d t h e i r 
d i f f e r e n c e . 
10-Mi. CaCla (19.5) 1) 
1 
2 . 5 ± 0 . 3 (100) 
10-3 n. (17.&-18.0) 1 . 4 ± 0.2 (86) 
1  ^^ ± 0 . 4 
W h e n w e c o n s i d e r t h e c a s e s i n w h i c h t h e r o o t s h a v e b e e n i n a n d 
1 0 " ^ n . s o l u t i o n s o f c a l c i u m c h l o r i d e ( s e e t a b l e 1 9 ) , w e f i n d t h a t t h o s e i n t h e 
1 0 " ^ n . s o l u t i o n r a i s e d a c o l u m n 2 . b c m . h i g h i n t w o d a y s . T h o s e i n t h e 1 0 " ^ n . 
s o l u t i o n , o n t h e o t h e r h a n d , b r o u g h t a b o u t a r i s e o f o n l y 1 .4 c m . i n t h e s a m e 
The numbers enclosed in parantheses in this coluinn denote the tempera-
ture in C° in the culture-vessels during the experiments. 
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time. As we may see from table 19, calculations show that a probable syste-
matic difference exists between the values for the height of the exudation 
sap in the tubes obtained in each case. The rates of exudation are therefore 
unequal. 
We arrive at a similar result if we study the effect of potassium chloride 
solutions of different concentrations on the rate of exudation. Table 20 
gives us the results of experiments which have been carried out with 10"^, 
10"^ and n. solutions of potassium chloride. We find in our calculations 
that, as the concentration of the external solution increases, the rate of exu-
dation now also decreases. Potassium, however, affects the rate of exudation 
less than does calcium. The difference in the rates of exudation obtained 
with 10"^ and 10"^ n. solutions is scarcely probable (see table 20), As they do not 
prevent the permeation of water more than they do, the potassium salts are 
not suitable for use in experiments such as these. Even a n. solution of 
potassium chloride does not prevent the exudation any more than does distilled 
water (see table 20). )^ The amplitude of concentration change of the external 
solution, in which potassium chloride might have a practical possibility of 
affecting the rate of exudation decisively, cannot be very large. I t probably 
T a b l e 2 0 . 
Heights {cm.) of the exudation sap columns in the glass tubes 
at the end of two days. 
E x t e r n a l s o l u t i o n s . 
M e a n v a l u e s o f t h e h e i g h t s 
o f t h e e x u d a t i o n s a j j c o l u m n s 
a n d t h e i r d i f f e r e n c e . 
D i s t i l l e d w a t e r ( 2 2 . o ) 6.6 ± 1.3 (20) 
107« K C l (20.0) 6.0 ± 0.8 (50) 
0.6 ± 1.6 
10-* n. K C l (20.O) 
10-3 n. » (20.O) 
10-3 n. K C l (20.O) 
1 0 - 2 n . ^ (20.o) 
6.0 ± 0.8 (50) 
4.1 ± O.o (50) 
1.9 ± 1.0 
4.1 ± 0.6 (50) 
1.1 ± 0.3 (40) 
3.0 ± 0.7 
A n o t l i e r f a c t i s t h a t t h e e x t e r n a l s o l u t i o n d o e s n o t r e m a i n f r e e f r o m 
p o t a s s i u m a n d c a l c i v u n a l t h o u g h i t m a y h a v e o r i g i n a l l y b e e n f r e e f r o m b o t h . 
L i k e T U E V A ( 1 9 2 6 ) , I h a v e n o t e d t h a t l a r g e a m o u n t s o f p o t a s s i m n e x o s m o s e 
f r o m t h e r o o t s . A l s o I h a v e f o u n d t h a t s m a l l a m o u n t s o f c a l c i u m a n d l a r g e 
a m o u n t s o f o r g a n i c c o m p o u n d s e x o s m o s e f r o m t h e r o o t s . S u g a r d i d n o t a p p e a r 
t o b e o n e o f t h e s e o r g a n i c c o m p o u n d s . 
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extends from 10"^ to 10"^ n. solutions. I did not think it necessary, however, 
to experiment with such solutions, whose concentrations are within these 
limits, since the determination of the concentrations of the exudation saps 
was carried out in cases where the difference in concentration of the external 
solutions was greater. 
Instead I made very accurate measurements of the rate of exudation in 
cases where the external solutions were 10"^, 10"'*, 10"^ and 10"^ n. solutions 
of manganese chloride. Since observations made during the experiments 
have indicated that many external factors may affect the rate of exudation, 
either by accelerating or retarding it, the external conditions during the 
experiment were kept as similar as possible. [Compare H K Y I / S ( 1 9 3 3 ) investi-
gation.] Of special importance I considered the maintenance of similar illu-
mination for all experiments. The experiments with different solutions were 
made at the same time and the temperature was approximately 20° C. The 
glass tubes which were connected to the roots were selected with great care. 
Measurements were made at the end of twenty- four and forty-eight hours 
and the results given in table 21 were obtained. 
When we study the results statistically, as they are given in table 21, 
we find that a hundredfold difference in the concentrations of the external 
T a b l e 21. 
i External 
solutions. 
Heights (cm.j of exudation 
sap columns aiter twenty-four 
hours and their difference. 
Heights (cm.) of exudation 
sap columns after two days and 
their difference. \ 
10-® n. MnCl^  3.1 ± O.o (30) 1 5 .5 ± 1.0 (30) 
10-< n. » 2.1 ± 0 .3 (40) 4.9 ± 0 .6 (40) 
1.0 ± 0.7 • j O.o ± 1 .2 
10-^ n. MnClj 2.1 ± 0 .3 (40) 4.0 -i: 0 .6 (40) 
10-3 ^ 1.2 ± 0 .2 (40) 1 2.1 ± 0 .3 (40) 
0 .9 ± 0 .4 2.8 ± 0.7 
10-3 n MnCIj 1.2 ± 0 .2 (40) 2.1 ± 0 .3 (40) 
10-2 n. » 0.0 ± 0 .2 (40) 1.1 ± 0 .2 (40) ; 
0 .3 ± 0 .3 1.0 ± 0 .4 1 
10-® n. MnClj 3.1 ± 0.6 5.5 ± 1 . 0 . 
10-' n. » 1.2 ± 0.2 2.1 ± 0 .3 
' 1.Ö ± 0.6 3.4 ± 1 . 0 1 
• 10-« n. MnCla 2.1 ± 0 .3 4.9 ± 0 . 6 
10-» n. » 0.9 ± 0 .2 
A r, 1 n 1 
1.1 ± 0.2 1 
1 
n.8 ± 0 .« 
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solutions is required before a clear systematic difference in the heights of the 
corresponding exudation sap columns can be obtained. We find, however, 
that even in this case the following rule holds good: as the concentration of 
the external solution increases, the rate of exudation decreases, but not in 
the same proportion. 
If we indicate graphically the relation between the rate of exudation and 
the concentration of the external solution, we obtain curves which are shown 
in fig. 4. They have their maximum value when the external solution is 
very weak, and decrease as the concentration of the external solution increases. 
If the external solution is very strong, the height of the curve is equal to 
'W<}hh/ o 
mÎM G 
O 
o l l h m d d 
^.mhùiM 
ôlMmdof 
JMMum 
/0-''I0-' C ^ fO'"-
F i g . 4. C u r v e s i n d i c a t i n g t h e d e p e n d e n c e o f t h e r a t e o f e x u d a t i o n u p o n 
t h e d i f f e r e n t c o n c e n t r a t i o n s o f t h e e x t e r n a l m a n g a n e s e c h l o r i d e s o l u t i o n . 
zero, as my experiments with O.i normal manganese chloride solutions have 
indicated. In fig. 4 are also presented the values for the heights of the sap 
columns after one and two days, 3.4 ± 0 . 7 and 6.o ± 1.3 cm., when the 
external solutions were distilled water (twenty parallel experiments; the 
temperature 22.o ° C). 
A very peculiar fact is that when we present these curves in logaritmic 
form, we find that, within certain limits, they approach straight lines, viz.. 
the twenty-four-hour-curve within the concentration limits of 10"^ and 10"^ 
normals and the two-day-curve within limits of lO"^ and 10"'* normals (see 
fig. 5). The ratio between the rates of exudation from external solutions 
of different concentration must, therefore, within the above-mentioned limits, 
be approximately constant, since all the exceptions are in the limits of error 
(see table 21), In the former case the ratio is about l.s and in the latter 
approx. 2 (see table 22). 
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T a b l e 22. 
37 
Comparison of the rates of exudation. The exudation saps were obtained with 
solutions of different concentrations. Based on table 21. 
Concentrations 
of the external 
solutions. 
Heights of the 
exudation sap 
coluraiis at the 
end of one day. 
Ratio of the 
heights at the 
ènd of one day. 
Heights of the 
exudation sap 
columns at the 
end of two days. 
Ratio of the 
heights at the 
end of two days. 
10-5 „ 3.1 cm. 
3.1 
= 1.5 
2.1 
5.5 cm. 
1 
5.5 
— = 1.1 
4.9 
10-4 ji . 2 . 1 cm. 
2.1 
= 1.8 
1.2 
4.0 cm. 
4 .9 
= 2 .3 
2 . 1 
10"=^  n . 1 . 2 cm. 
1.2 
0.9 " " 
2 . 1 cm. 
! 
2 . 1 
= 1.9 
i-i ; 
10-2 n. 0 . 9 cm. 1 . 1 cm. 
If we then denote by v the vohime of water in the exudation sap per unit 
of time, which is practically equal to the total volume of the exudation sap, 
equation 8 shows us how it depends on the concentration of the external 
solution. 
1 
1 
8. — ki 
V 
log 10 
The value of n would be approximately 5.7, for the twenty-
four-hour-curve. 
Now we are confronted with the question of whether or not this part 
of the curve has such theoretical significance that it warrants a special study. 
We have found that in approximately those limits, which this part of the 
curve presents, an absorption of manganese takes place according to the j_ 
equation s = k • c*' (see pages 20—23). In more dilute solutions this regu-
larity of absorption disappears apparently because of the weakness of the 
external solutions (see pages 20—21 and 25). When again the external solu-
tions are stronger than lO^^ normal practically no exudation takes place 
at all (see page 36). I t seems, therefore, that this part of the curve has 
a special significance. 
One may perhaps think that the increase in the sap concentration when 
the external solutions increase in concentration depends only upon the 
decrease in the sap volume. With manganese chloride it seems as if such 
were the case in definite limits, as the constant n for both the increase in 
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manganese and the corresponding decrease in the sap volume after two 
days has the same value, viz., approximately 3.3 (see pages 23 and 36.) 
But, after twenty-four hours however, the value of n for the sap volume 
is higher, about 5.7 (see page 37). And if we take into consideration 
the results with potassium and calcium the sap volume does not decrease 
in the same proportion as the corresponding sap concentration increases (see 
tables 19 and 20). I t is possible, however, that a part of the calcium and 
potassium in the exudation sap has come from the tissues of the roots (see 
page 16) and has effected an 
increase in the concentrations 
of these cations in the sap. 
Thus we cannot say what the 
state of affairs is in the case of 
potassium and calcium chloride. 
I t seems, therefore, as if the 
question of whether or not the 
increase in the sap concentra-
tion regarding a definite cation 
depends upon the corresponding 
decrease in the sap volume, re-
mains open. 
Kquation 8 we might also 
write in the form: 
V - -
Fig. 5. K • c 
The curves of fig. 4 in logarithmic form. If we multiply the left-hand 
term of this equation by the 
left-hand term of equation 4 and the right-hand term'by that of equation 
4, we obtain: 
9. s ' V = ^ n , , n 
The product s • v is nothing else but the amount of manganese contained 
by the exudation sap. I^et us denote it simply by a. The quotient 
let us denote by K and — 
n 
form: 
1 1 
— by . The equation then takes the 
M n 
m 
10. a^K • c 
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But equation 1 0 is F R E U N D L I C H ' S equation for the adsorption isotherm 
in which the values for the constants are other than those of the equations 
given earlier. The value of the exponent m is about 8.3. We find, therefore, 
that the transition of manganese into the exudation sap is analogous to 
adsorption process, at least in specified limits and in simple cases. 
In this connection may be mentioned that such curves as those in fig. 4 
are not unknown in physical chemistry. When, for instance, we represent 
graphically the adsorption by carbon of a solvent from a strong solution, 
curves are obtained which fall as the concentration of the solution increases 
and are equal to zero when the concentration becomes very high. In loga-
rithmic form they also are straight lines [ F R E U N D U C H ( 1 9 3 2 ) , G U S T A F S O N 
( 1 9 1 6 ) and others]. 
In addition I wish to investigate the question of what effect the addition 
to the external solution of another electrolyte whose anion is the same as 
that of the electrolyte already in the solution, has on the rate of exudation. 
Experiments with solutions which were lO""^ , 10"^ and 10"^ n. with regard 
to potassium and manganese chloride, showed that here too the rate of exuda-
tion decreases as the concentration of the external solution increases (see 
table 23). When we then compare these values for the rates of exudation 
with those obtained when the external solutions are pure potassium chloride 
solutions we find that there is no definite systematic difference between 
them (see table 24). When the external solution is a lO"^ n. combined solution 
of potassium and manganese chloride, the mean rate of exudation is ahnost 
half as great as when the external solution is a pure potassium chloride solu-
tion. Even in this case the difference between the values is not clear. 
T a b l e 2 3 . 
Heights {cm.) of the exudation sap columns in the glass tubes at the end of two days. 
The external solutions were 10'^, 10'^ and IQ-^ n. combined potassium and manga-
nese chloride solutions. 
E x t e r n a l s o l u t i o n s . 
M e a n v a l u e s o f t h e h e i g h t s o f 
t h e e x u d a t i o n s a p c o l u m n s a n d 
t h e i r d i f f e r e n c e . 
10- ' « n . K C l + 10-"» n . M n C l g (20.O) 5.3 ± 0 . 6 ( 50 ) 
1 0 - 3 n . » + I Q - ^ n . » » 3.2 ± 0.3 ( 50 ) 
2.1 ± O.o 
1 0 - 3 
1 0 - 2 n . 
K C l + 1 0 - 3 11 M n C l j 
» + 1 0 - 2 n . » 
(20.O) 
» 
3.2 ± 0.3 ( 50 ) 
O.o ± 0.2 ( 50 ) 
2 . 0 ± 0.4 
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Let us now investigate the cases where the external solutions are pure 
manganese chloride solutions and combined solutions of manganese and 
potassium chloride (see table 25). Even now we cannot note any definite 
systematic difference between the rates of exudation from pure manganese 
chloride solutions and combined solutions of potassium and manganese chloride 
(see table 25), Only when the external solutions are 10"^ n. does the error 
calculation indicate that the rate of exudation with the combined solution 
is greater than that with the simple manganese chloride solution. In all 
other cases there is not even a probable difference between them. 
These remarkable results I can not explain satisfactorily, but it is not 
impossible that they are due to the effect of electrolytes on each other in 
the absorption process (see tables 28 and 31). These phenomena seem to be 
also contrary to the forementioned SABININ'S formula B — k (Px - Pe)\ 
but comparing the results of his experiments with mine one must be remember 
that SABININ'S experiments may be in principle different from mine. In 
his experiments the same plant was immersed successively in different solu-
tions and the time of immersion was short, only a few minutes. 
T a b l e 24. 
Heights {cm.) of the exudation sap columns in the glass tubes at the end of two days. 
The external solutions were 10~*, and lO'^ n. pure potassium chloride solutions 
and combined solutions of manganese and potassium chloride of the same concen-
trations. Based on tables 20 and 23. 
External solutions. 
Mean values of the heights of 
the exudation sap columns and ' 
their difference. 
10-" n. 
1 1 1 . 
KCl 
KCl + 10- n. MnClg 
(20.O) » 6.0 ± 0.8 
1 5.3 ± 0.5 
i 0.7 ± 0.9 
10-3 n. 
10"» n. 
KCl 
KCl + 10- n. MnCla 
(20.O) » 4.1 ± 0.6 3.2 ± 0.3 
O.o ± 0.7 
10-« n. 
10-2 n. 
KCl 
KCl + 10--2 n. MnCl, 
(20.O) 
D 
1.1 ± 0.3 
0.0 ± 0.2 1 
0.5 ± 0.4 
The different effect of these ions is brought out clearly when the two 
alone form the external solution. Most suitable for investigation are the cases 
in which the external solution is IQ-^ n. (see tables 26 and 27). We find that 
the rate of exudation with potassium chloride is probably twice as great as 
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T a b l e 25. 
41 
Heights (cm.) of the exudation sap columns in the glass tubes at the end of two days. 
The external solutions were 10"*, and IQ-^ n. pure manganese chloride solutions 
and combined solutions of manganese and potassium chloride of the same concen-
trations. Based on tables 21 and 23. 
External solutions. 
1 
Mean values of the heights of 
the exudation sap columns and 
their difference. 
10-^ n. KCl -f 10-» n. MnClg 
10-* n. MnClj 
(20.O) » 5.3 ± 0.5 4.Ö ± 0.0 
0.4 ± 0.8 
10-3 n. KCl + 10-=^  n. MnClg 
10-3 n. MnClj 
(20.0) » 3.2 ± 0.3 
2.1 ± 0.3 
1.1 ± 0.4 
10-2 n. MnCla 
10-2 n. KCl + 10-2 „ MnCla 
(20.O) 
» 
' 1.1 ± 0.2 
i 0.6 ± 0.2 
• 0.5 ± 0.3 1 
it would be if manganese chloride formed the external solution, and about 
three times as great as the rate of exudation obtained with calcium chloride. 
Table 27 again indicates that it is about likely that a calcium chloride solu-
tion prevents the exudation even more than does a manganese chloride solu-
tion. This is also confirmed by an earlier observation, i. e., that a 10~2 n. 
solution of calcium chloride practically prevents the exudation altogether 
(see page 16). The preventive effect of the different cations on the rate of 
exudation is represented by the series 
K < Mn < Ca. 
T a b l e 20. 
Heights {cm.) of the exudation sap columns in the glass tubes at the end of two days. 
The external solutions were a normal potassium chloride solution and a manga-
nese chloride solution of the same concentration. Based on tables 20 and 21. 
External .solutions. 
Mean values of the heights of 
the exudation sap columns and 
their difference. 
1 0 - 3 n . K C l (20.O) 4.1 ± 0 .6 
10-3 n. MnCl, » 2.1 ± 0 .3 
2.0 ± 0 .7 
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T a b l e 27. 
Heights {cm.) of the exudation sap columns in the glass tubes at the end of two days. 
The external solutions were a n. manganese chloride solution and a calcium 
chloride solution of the same concentration. Based on tables 19 and 21. 
E x t e r n a l s o l u t i o n s . 
M e a n v a l u e s o f t h e h e i g h t s o f 
t h e e x u d a t i o n s a p c o l u m n s a n d 
t h e i r d i f f e r e n c e . 
1 0 - 3 n . M n C l ^ (20.O) 2.1 ± 0 . 3 
1 0 - 3 n . C a C l j (17.5-—18.0) 1 .4 ± 0 . 2 
1 1 0 .7 ± 0 .4 
7. The Displacing Effect of the Electrolytes on each other in the 
Absorption Process. 
We have already earlier noted that when the external solution is a solu-
tion of two salts whose anion is the same, the concentration of the exudation 
sap regarding these cations is not the same as in those cases where each salt 
alone forms the external solution. I t seems that the cations have a marked 
effect on each other in the absorption. This will be subjected to closer investi-
gation in the following. 
T a b l e 2 8 . 
Comparison of the manganese concentrations of the exudation saps. The external 
solutions were pure manganese chloride solutions and combined manganese and 
potassium chloride solutions. Based on tables 3 and 7. 
External solutions. 
Mean values of the concentra-
tions of the exudation saps 
and their difference. 
10"» n. MnClj 
10-2 KCl + 10-2 n. MnCl, 
35 .3 ± 5 .4 
9 .5 ± 0 .7 
25 .8 ± 5 .4 
1 0 - 3 n . M n C l j 
10-3 II, KCl + 10-3 n. MnCL 
1 0 - 4 n . M n C l j 
10-* n. KCl 10-« n. MnCl, 
8.0 ± 2.1 
5 .3 ± 0 . 6 
3.6 ± 2.2 
4.Ö ± 0 .7 
2 .5 ± 0 .3 
2 .4 + 0 .8 
As we see from table 28, in many cases less manganese enters the exuda-
tion sap from combined external solutions than from a simple manganese 
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chloride solution. We find, for instance, that the manganese concentration 
of the exudation sap is about four times lower than when the external solu-
tion is a 11. combined solution of potassium and manganese chloride and 
about one-half as great when the external solution is 10"^ n. as it is if pure 
manganese chloride solutions of the corresponding concentrations formed 
the external solutions. But if the external solution is a 10"^ n. combined 
potassium and manganese chloride solution or a calcium and manganese 
chloride solution of the same concentration, we are not able to indicate whether 
the manganese concentration is smaller than when the external solution is 
a pure manganese chloride solution (see also table 29). But seeing that the 
T a b l e 29. 
Comparison of the manganese concentrations of the exudation saps. The external 
solutions were pure manganese chloride solutions and combined manganese and 
calcium chloride solutionis. Based on tables 3 and 8. 
i M e a n v a l u e s o f t h e c o n c e n t r a -
K x t e r n a l s o l u t i o n s . ^ l i o n s o f t h e e x u c l a t i o i i s a p s 
a n d t h e i r d i f f e r e n c e . 
1 0 - 3 n . M u C l o 8.» ± 2.1 
l O - ^ n . C a C l a + M u C l j | G-t ± 0 -5 
2.8 ± 2 .2 
1 0 - ^ 1 1 . M n C l j 
10--« n . C a C L + 1 0 " ^ n . M n C L 
4.0 ± 0 .7 
2 . 8 ± 0 . 2 
2.1 ± 0 .7 
difference in the average manganese concentrations of the exudation saps is 
so great, it may be possible that in this case also the manganese concentra-
tions of the exudation saps obtained with combined solutions are smaller 
than those of the exudation saps obtained with pure manganese chloride 
solutions. 
The calcium concentration of the exudation saps is also lower when the 
external solutions are combined calcium chloride solutions. Table 30 shows 
that when calcium chloride combined with manganese chloride forms the 
external solution the calcium concentration is about one-third smaller than 
that obtained when pure calcium chloride solutions are used. This holds true 
for all concentrations of the external solutions. 
We shall now proceed to investigate the changes in the potassium concen-
trations of the exudation sap. From table 31 we see that in the cases where 
the external solutions, both simple and combined, are 10"^ n. regarding 
potassium, there is no systematic difference between the potassium concen-
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T a b l e 30. 
Comparison of the calcium concentrations of the exudation saps. The external 
solutions were pure calcium chloride solutions and combined solutions of manga-
nese and calcium chloride. Based on tables 5 and 8. 
M e a n v a l u e s o f t h e c o n c e n t r a -
l î x t e n i a l s o l u t i o n s . t i o n s o f t h e e x u d a t i o n s a p s 
a n d t h e i r d i f f e r e n c e . 
1 0 - 3 n . C a C l a 57 .4 ± 4 .7 
1 0 - 3 n . C a C l a -}- 1 0 - ^ n . M n C l j 37 .6 ± 1.9 
1 9 . 8 ± 5.1 
iO-*n. C a C l a 39 .2 ± 2 .3 
\0-* n . C a C l a + l O " " n . M n C l g 27 .0 ± 1 .3 
12 .2 ± 2.6 
trations of the exudation saps. On the other hand the potassium concen-
tration seems to be lower in the exudation sap obtained from n. combined 
external solutions. Very strange are the results of experiments carried out 
with n. solutions. We find that the potassium concentration of the 
exudation sap when the external solutions are combined solutions is higher 
T a b l e 3i. 
Comparison of the potassium concentrations of the exudation saps. The external 
solutions were pure potassium chloride solutions and combined manganese and 
potassium chloride solutions. Based on tables 4 and 7. 
E x t e r n a l s o l u t i o n s . 
i 
M e a n v a l u e s o f t h e c o n c e n t r a - | 
t i o n s o f t h e e x u d a t i o n s a p s j 
a n d t h e i r d i f f e r e n c e . 
10-2 n . K C I 203 .4 ± 13.5 ; 
10-2 n . K C I + 1 0 - 2 I I M n C l g 330 .2 ± 23 .6 
—126 .8 ± 27.2 1 
10-3 n . 
l O - ' n . 
i 
K C I 
K C I + 1 0 - 3 M n C l a 
149 .5 ± 14.1 
102.2 ± 4 .7 ! 
47 .3 ± 14.9 
1 0 - « n . K C l 
1 0 - * n . K C l + 1 0 - M i . M n C L 
119.0 ± 11 .3 
93 .3 ± 13.4 
26 .3 1 7 . 5 
than that of the exudation sap obtained with pure potassium chloride solu-
tions of the same concentration. These results are opposite to those which 
we should expect on the basis of earlier experiments. At the same time 
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the manganese concentration of the same exudation sap decreases, as we 
have mentioned before (see table 28). 
I t is difficult to understand to what this marked rise in the potassium 
concentration is due. One might suppose it to be due to the decrease in the 
amount of water in the exudation sap. I'or we have seen (see table 'l^ C) 
that the average amount of exudation sap obtained when the external 
soUition is a n. combined solution of potassium and manganese chloride 
is almost twice as small as in the cases where the external solution is a pure 
potassium chloride solution of the same concentration. But it nuist be re-
membered that we have not been able to indicate even a probable systematic 
difference between these amounts in the exudation sap. So it appears that 
this cannot be explained as being due to the decrease of the intake of the 
water. We shall consider this later. 
1 
Let us denote by k^  • C" the concentration of the exudation sap regarding a 
definite cation when the external solution is a simple solution, and by 
k^  • C"* its concentration regarding another cation when the external solu-
1 1 
tion is a simple solution and by k^  • & and by k^ • C*^  the concentrations 
of these cations in the exudation sap when the external solution is a com-
bined solution. Owing to the adsorption isothermal relations between the 
concentrations of the exudation saps, the following relation must exist be-
tween the above-mentioned concentrations, if n = p and m = r: 
{k,-c') (k, • C) 
If the transition of the electrolytes from the external solution to the 
exudation sap were a process conforming fully to the adsorption equation, 
equation 11 shoald hold true independent of what electrolyte or electrolytes 
the external solution contains, if only the concentrations of the external 
solutions are the same in cases comparable with each other. But is such the 
case? 
Let us consider the permeation of potassium and manganese through 
£ 
the roots into the exudation sap. Let k^  • C** denote the potassium concen-
tration of the exudation sap when the external solution is a pure potassium 
chloride solution and k^  • d ' its potassium concentration when the external 
solution is a combined solution of potassium and manganese chloride and 
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L L 
Âo • C*" and Â'4 • C* denote the corresponding manganese concentrations 
of the exudation sap. If we substitute for the theoretical values in equation 
11 the values obtained experimentally, we obtain the values given in table 32. 
T a b l e 3 2 . 
Substitution in equation 11 of the values for the concentrations of the exudation 
saps obtained with simple and combined potassium chloride and manganese chloride 
solutions. In case 1) the external solutions were IQ-^ n., in case 2) 10"^ n. and 
in case 3) 10~* n. Based on tables 28 and 31. 
2 0 3 . 4 X 3 5 . 3 
1 ) = 2 . 2 9 
3 3 0 . 2 X 9 . 5 
1 4 9 . 5 X 8 . 0 
2 = 2 . 4 5 
1 0 2 . 2 X 5 . 3 
1 1 9 . 6 X 4 . 9 
3 ) = 2 . 5 1 9 3 . 8 X 2 . 5 
If the external solutions are lO"^ n. regarding the compounds in question 
the value of K is therefore 2.29. When the external solutions are 10"^ n. 
K = 2.45 and when they are 10"^ n. K — 2.5i. These values of the constant 
K differ so little from each other that we may consider them equal. The 
absorption of potassium and manganese through the roots into the exudation 
sap is, according to equation 11, conformable to the adsorption phenomenon 
also in those cases where the values obtained for the concentrations did not 
fully conform with the adsorption equation. 
T a b l e 3 3 . 
Renewed experiments with 10~* n. potassium chloride {12) and manganese chloride 
{11) solutions and a combined potassium and manganese chloride solution {/) of 
the same concentration. The numbers denoting the concentrations of the exudation 
saps have been substituted in equation 11. The numbers enclosed in parantheses 
denote the number of parallel experiments. 
1 2 5 . 6 X 5 . 5 
= 2 . 5 6 
9 6 . 4 X 2 . 8 
The above is further confirmed by a checking experiment, which I carried 
out with 10""^  n. solutions. Table 33 shows that the value of K in this case 
is practically the same as those obtained above. The result, 2.56, is only 
2.4 % greater than the corresponding value for K given above. Thus we 
may say that the value of constant K common for potassium and manganese 
is approximately 2.6. 
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T a b l e 34. 
Substitution in equation 11 of the values for the concentrations of the exudation 
saps obtained with simple and combined calcium and manganese chloride solutions. 
In case 1) the external solutions were IQ-"^ n., in case 2) 10^* n. Based on tables 
29 and 30. 
57 .4 X 8.9 
1) = 2 . 23 
37 .0 X 6.1 
39 .2 X 4 .0 
2) = 2 .54 
2 7 . 0 X 2.8 
Bat how is it when calcium and manganese penetrate? Let us substitute 
in equation 11 the experimental values for the calcium and manganese con-
centrations of the exudation saps. We then find (see table 34) that the value 
of K is 2.23 when the external solutions are 10"^ n, and 2.64 when the external 
solutions are 10"^ n. The difference between these values, which is about 1 2 % 
of the greater of the two, is so slight that we may justly consider it to be 
due to experimental errors. We may say that the value of K is the same in 
both cases and equal to approximately 2.5, 
The value of K just obtained seems to be equal to that which we obtained 
when we substituted in equation 11 the experimental values for the potassium 
and manganese concentration of the exudation sap. But that such is the 
case I cannot positively say on the basis of my experiments. I t is possible 
that they are not really equal but the difference between them is so small 
that it cannot be directly indicated by such an experimental method as this. 
As we have shown earlier (see pages 20—23), the value of the exponential 
coefficient for manganese, nj^ ^^ , is about 3.3 in both cases when the external 
solutions are combined and when they are simple, except when the external 
solution is a 10~- normal simple manganese chloride solution. 
The exponential coefficient for calcium, n^ ,^ we may consider to be G.s 
in both cases (see page 23). But what is the value of n for potassium? Wlien 
the external solutions are simple, it is clearly approx. 8.8, but it is difficult to 
say what it is when the external solutions are combined solutions (see page 21). 
In any case, in the penetration of calcium and manganese, the values 
of n and p are equal and such is the case also with the constants m and r. 
We find, therefore, that after cancellation equation 11 may be written in the 
form: 
— . - - = h 
k k 
The quotients and indicate how many times the concentration 
« 3 « 4 
of the exudation sap regarding a definite ion is smaller when the external 
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solution is a combined solution of these ions than when the ions alone form 
the external solution. They thus indicate the magnitude of the displacing 
effect. For this reason we shall call them »absorption displacement coefficients», 
k k 
and for - ^ and ^^  we shall write and Z,,. Equation 11 we may now 
« 3 
write in the form: 
1 2 . Z j • L g = K 
The tables given above contain the experimental values of the concentra-
tions of the exudation sap obtained by chemical analysis. And from them 
we have deduced the equations and regularities. Let us now attempt, using 
these experimental values and eqviations, to calculate the theoretical values 
according to the adsorption isotherm equation. 
We should have enough material to be able to calculate the value of 
the »absorption displacement coefficient» of manganese, Z-jj^, When the 
8 .9 
external solutions are 10 ^ n. L-^ ^ = y or 1.7. When the external solu-
4.9 
tions are 10 ^ n. = ^ = 2.o. Since it seems that weak solutions are 
less susceptible to disturbance, it is likely that the value obtained for the 
10""^  n. solutions is more correct than the other. We shall say then that 
in the case of the »absorption displacement» between potassium and 
manganese, is approximately 2.o. 
The determination of the »absorption displacement coefficient» for potas-
sium is more difficult since the potassium concentration of the exudation 
sap did not increase regidarly in an adsorption isothermal proportion when 
the external solution was a combined solution of potassium and manganese 
chloride. But if we again consider the values obtained for the 10"*^  n. external 
119.0 
solution more correct, L^ would then be gg ^ = l-^-
When calcium and manganese affect each other in absorption, the value 
of Lç,^ seems to be approximately 1.5. When, for instance, the external 
39.2 57.4 
solutions are 10 ^ n., L^^ — -^rj-^ = 1.5. When they are 10 ^ n., = 
1.5. If we now substitute this value of L^a ^^  equation 12 and suppose that 
K is 2.5 we obtain for L^^^ in this case the value 1.? approx. 
Thus we find that the »absorption displacement coefficient» varies for 
different ions. When two ions are absorbed at the same time and the »absorp-
tion displacement coefficient» of one is smaller than the square root of the 
product of the two coefficients, the coefficient of the other must be corres-
pondingly greater. To this is due the fact that the displacing effect of an ion 
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which is easily displaced is small. A peculiar thing is the equality which 
exists between the »absorption displacement coefficient» and u, (see equation 
1) the common ratio of that geometric progression, which represents the increase 
in the concentration of a cation in the exudation sap, when the corresponding 
concentrations of the external solution increase as the terms of a geometric 
progression in which the common ratio is 10 (see table 35). This means that if 
to the external solution which contains cation A is added an equivalent 
amount of another cation, the concentration of the exudation sap regarding 
A decreases in the same proportion as it would if the concentration of a 
simple external solution containing the cation A were reduced ten times 
(see tables 36 and 37). Although the values of the constants L and u are not 
exactly correct, they indicate how large a part the »absorption displacement» 
plays in the formation of the electrolyte concentrations of the exudation sap. 
Since we know the values of these »absorption displacement coefficients», 
we are able to calculate the theoretical concentrations of the exudatiön saps. 
I'^ or the basis of our calculations we shall use those values of the concentra-
tions of the exudation saps which were obtained with n. external solutions 
for the reasons mentioned above. These calculations give the results which 
are recorded in tables 36 and 37. 
T A B L E 3 5 . 
Numerical values of the constant u and the »absorption dis-
placement coefficient» for potassium, calcium and manganese 
{see deduction in text). 
C a t i o n . 
V a h i e o f t h e » a b -
s o r p t i o n d i s i > l a c e -
m e n t c o e f f i c i e n t » L. 
V a l u e o f t h e c o n -
s t a n t u. 
K 1 . 3 
C a 1 . 5 1 . 4 1) 
M n 1 . 7 — 2 . 0 2 . 0 
When we study tables 36 and 37, we find that the experimental and 
theoretical values of the concentrations of the exudation saps correspond 
rather well. In spite of this we must take into consideration some excep-
tions which take place in the same direction; when, for instance, the external 
solutions are IQ-^ n., the potassium concentration of the exudation sap ob-
tained from combined solutions is 15 % and the manganese concentrations 
of the exudation sap obtained from simple external solutions is 11 % lower 
») I t i s n o t i m p o s s i b l e t h a t t h e v a l u e o f u ç ^ i s b e t w e e n 1.4 a n d 1.6 ( s ee 
p a g e 2 1 ) . 
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T a b l e 3 6 . 
Comparison of the experimental and calculated values for the potassium and man-
ganese concentrations of the exudation saps. * denotes a value that has been used 
as a basis in the calculations of the concentrations of the exudation saps. 
E x t e r n a l s o l u t i o n s : 
C o n c e n -
t r a t i o n s 
o f t h e 
e x t e r n a l 
s o l u t i o n s 
i n n o r -
m a l s . 
C o m b i n e d p o t a s s i u m 
a n d m a n g a n e s e c h l o r i d e 
s o l u t i o n s . 
Potassium 
concentra-
tions of 
the saps. 
; 5 i s OJ S ' Ô flJ 
1 ^ f l S O w S 
X ï "rt 1 rt rt rt 
W S > ,o > 
M a n g a n e s e 
c o n c e n t r a -
t i o n s o f 
t h e s a p s . 
CJ 
, 0 n 
- d « 
W S > 
o <U s 
1 rt rt rt (J > 
M a n g a n e s e 
c h l o r i d e 
s o l u t i o n s . 
M a n g a n e s e 
c o n c e n t r a -
t i o n s o f 
t h e s a p s . 
ri M CO . OT 
« Ï rt • rt rt ci W H k ,a > 
F l o w i n g 
m a n g a n e s e 
c h l o r i d e 
s o l u t i o n s . 
M a n g a n e s e 
c o n c e n t r a -
t i o n s o f 
t h e s a p s . 
"C rt «3 
^ C ^ i o 
X Ji rt • rt rt rt W S > ,a > 
Potassium 
chloride 
solutions. 
P o t a s s i u m 
c o n c e n t r a -
t i o n s o f 
t h e s a p s . 
•n nä ?? OJ ^ Si 
« ^ rt 
W S > 
i 13 0» 
1 0 - « 3 3 0 . 2 
1 0 - 3 1 0 2 . 2 
1 0 - * 9 3 . 3 
1 0 - 5 — 
1 1 9 . 6 
9 2 . 0 
9 . 5 
5 . 3 
2 . 5 -
lO .o 
5 . 0 
2.6 
3 5 . 3 
8 . 9 
4 . 9 
20.O 
lO . o 
5 . 0 
1 1 . 6 
2.6 
2 0 3 . 4 
1 4 9 . 5 
1 1 9 . 6 * 
2 0 2 . 2 
1 5 5 . 5 
1 1 9 . 6 
T a b l e 3 7 . 
Comparison of the experimental and calculated values for the calcium and man-
ganese concentrations of the exudation saps. * denotes a value that has been used 
as a basis in the calculations of the concent) ations of the exudation saps. 
E x t e r n a l s o l u t i o n s : 
C o n c e n -
t r a t i o n s 
C o m b i n e d c a l c i u m a n d 
m a n g a n e s e c h l o r i d e 
s o l u t i o n s . 
P u r e c a l c i u m 
c h l o r i d e 
s o l u t i o n s . 
P u r e m a n g a -
n e s e c h l o r i d e 
s o l u t i o n s . 
o f t h e 
e x t e r n a l 
s o l u t i o n s 
i n n o r -
m a l s . 
C a l c i u m c o n -
c e n t r a t i o n s o f 
t h e s a p s . 
M a n g a n e s e 
c o n c e n t r a t i o n s 
o f t h e s a p s . 
C a l c i u m c o n -
c e n t r a t i o n s o f 
t h e s a p s . 
M a n g a n e s e 
c o n c e n t r a t i o n s 
o f t h e s a p s . 
•n rt « 
tTS i rt 
K fi > 
J . « 
o aj S 
X ^ rt 
W s !> 
J . « 
S nd <u ^ ^ ^ 
rt rtrt i l i 
I I I 
-H _ « 
rt rt rt 
U > W a > 
3 1 3 s 
rt rt rt U > 
1 0 - 3 3 7 . 6 3 7 . 8 6 . 1 ! 5 . 8 5 7 . 4 5 6 . 7 8 . 0 l O . o 
1 0 - * ! 2 7 . 0 * : ] 2 7 . 0 2.8 2 . 9 3 9 . 2 4 0 . 5 4 . 9 5 . 0 * 
I t w a s i m p o s s i b l e t o c a l c u l a t e t h e t h e o r e t i c a l c o n c e n t r a t i o n s o f t h e e x u d a -
t i o n s a p s i n t h e c a s e s w h e r e t h e e x t e r n a l s o l u t i o n s w e r e f l o w i n g s o l u t i o n s . I t 
m a y b e t h a t t h e c o n c e n t r a t i o n s a r e a l i t t l e g r e a t e r t h a n w h e n t h e e x t e r n a l 
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than the theoretical value. The potassium concentrations of the exudation 
saps obtained from 10"^ n. combined solutions of potassium and manganese 
chloride is 112 % and the manganese concentration of the exudation sap 
from pure manganese chloride solutions of the same concentration is 77 % 
greater than the calculated value. 
When applied to equation 11 it means such a relationship between the 
denominator and the numerator that, as the one increases or decreases, the 
other changes correspondingly so that the value of the quotient remains 
unchanged. True, in the latter case when the solutions are 10"^ n. the increase 
in the potassium concentration of the exudation sap when the external solu-
tions are combined solutions is slightly greater than the increase in the man-
ganese concentration when the external solutions ' are simple manganese 
chloride solutions; but the value for the manganese concentrations of the 
exudation sap from combined solutions, which is 5 % less than the theoretical 
value, neutralizes the difference. 
I t seems that some other equilibrium in addition to that indicated by 
the adsorption equation exists between the ions in the exudation sap. For 
table 36 indicates that, if some factor in equation 11, for some reason or 
other, deviates from its value according to the adsorption equation, some 
other factor changes also so that the value of the quotient remains the same. 
Before we can say anything of this phenomenon, experiments with ions 
other than potassium and manganese should perhaps be made. 
8, Other Properties of the Exudation Sap. 
A full knowledge of the chemical properties of the exudation sap requires 
us to know not only the concentration and origin of the substances in it but 
also the form in which these substances are found in the exudation sap. 
With regard to my investigations it would be therefore a question of in what 
form the potassium, calcium and manganese are in the exudation sap. 
As far as I know, there is no literature on this matter. I am able to explain 
satisfactorily only a small part of this question; the comparison of the results 
of the concentration measurements made polarographically and chemically 
may to some extent clear up the matter, since we know that the polarograph, 
in the case of inorganic compounds, indicates only the ion concentration (see 
the polarographic literature mentioned earlier in this discussion), and by using 
the methods of chemistry the total metal concentration may be determined. 
s o l u t i o n s a r e s t a n d i n g s o l u t i o n s , b u t t h e y d o n o t s e e m t o b e r e l a t i v e l y a s g r e a t 
a s t h o s e a m o u n t s o f m a n g a n e s e w h i c h w e r e a b s o r o e d f r o m f l o w i n g s o l u t i o n s 
b y t h e r o o t s , c o m p a r e d t o t h o s e a m o u n t s o f m a n g a n e s e w h i c h w e r e a b s o r b e d 
f r o m s t a n d i n g s o h i t i o n s ( s ee t a b l e s 1 0 a n d 1 1 ) . 
52 T. Laine, On the Absorption of "Electrolytes by the Cut Roots of Plants 
T a b l e 3 8 . 
Comparison of the values for the potassium concentrations of the exudation saps 
obtained chemically and polarographically. 
E x t e r n a l s o l u t i o n s . 
1 M e a n v a l u e s o f t h e c o n c e n t r a -
t i o n s o f t h e e x u d a t i o n s a p s 
a n d t h e i r d i f f e r e n c e . 
1 0 - 2 n . K C l ( c h e m . ) 2 0 3 . 4 ± 1 3 . 5 ( 1 0 ) 
1 0 - 2 n . » ( p o l a r . ) 1 8 4 . 1 ± 1 1 . 3 ( 1 3 ) 
1 9 . 3 ± 1 7 . 0 
10--» n . 
1 0 - ' * n . 
K C l 
» 
( c h e m . ) 
( p o l a r . ) 
1 1 9 . 6 ± 1 1 . 3 ( 1 7 ) 
1 1 7 . 0 ± 1 5 . 7 ( 1 0 ) 1 
2.6 ± 1 9 . 3 1 
T a b l e 3 9 . 
Comparison of the values for the manganese concentrations of the exudation saps 
obtained chemically and polarographically. 
1 
M e a n v a l u e s o f t h e c o n c e n t r a -
E x t e r n a l s o l u t i o n s . t i o n s o f t h e e x u d a t i o n s a p s 
a n d t h e i r d i f f e r e n c e . 
1 0 - 2 M n C l , ( c h e m . ) 36 . 4 ± 7.1 (5) 
1 0 - 2 n . » ( p o l a r . ) 3 5 . 3 ± 5.4 ( 1 2 ) 
1.1 ± 8 . 9 
1 0 - 3 ,1 M i i C l . , ' ( p o l a r . ) 8.9 i 2.1 ( 1 2 ) 
1 0 - 3 ji ( c h e m . ) 8.4 ± 1.3 ( 1 0 ) 
0.5 ± 2.5 
When we compare the results of the polarographic determination of 
potassium with those values for the potassium concentration which were 
obtained using chemical methods (see table 4), we find that both the chemical 
and polarographic analyses give the same value for the potassium concen-
tration of the exudation sap when the external solutions are of the same 
concentration (see table 38). And, as is shown in table 39, the same is the 
case with regard to the manganese concentrations of the exudation sap. 
Experiments indicate, therefore, that the degree of dissociation of the 
potassium and manganese compounds in the exudation sap is the same as 
that of pure potassium and manganese chloride solutions. I t is therefore 
obvious that these metals do not form complex ions in the exudation sap 
to a great extent. And further, from the results of the experiments we may 
infer that potassium and manganese are not in firm combination with the 
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non-electrolytes of the exudation sap, although the observed precipitations 
of the exudation sap indicate (see page U ) that an interdependence of some 
sort exists between the metallic ions and the other compounds in the exuda-
tion sap. 
In this connection note COIJ .ANDER'S ( 1 9 3 0 ) observation from his investi-
gations of the cell-sap of C hara ceratophylla. By measuring the conductivity 
he showed that the ions in the cell-sap are in free motion and are neither 
bound to cell-colloids by adsorption nor are they otherwise bound. 
Discussion. 
My investigation has thus indicated that the accumulation into the 
exudation sap of each electrolyte used in my experiments, follows certain 
laws which are similar to the adsorption law known in physical chemistry 
as presented by FREUNDIJCH (1932). Likewise we have seen that the accu-
mulation of manganese in the roots proceeds exactly according to this formula. 
When we then compared the concentrations of the different cations in the 
exudation saps, we found that the potassium concentration was from two 
to three times as great as the calcium concentration, and the calcium con-
centration again was from about six to eight times greater than the manganese 
concentration (see page 24). When we take into consideration the volume 
of the exudation sap (see page 41), the quantitative order of the cations 
in the exudation sap is as follows: 
K > Ca > Mn 
In this case, more potassium is, therefore, absorbed than calcium and 
more calcium than manganese. This is, however, contrar>' to what we know 
of adsorption; for it has been shown that the adsorption of the heavier metals 
is greater than that of lighter metals [HÖBKR ( 1 9 2 6 ) and K R U Y T ( 1 9 2 6 ) ] . 
So it has been shown that from external solutions of the same concentration 
the order of the amoimts of potasshim, calcium and manganese adsorbed by 
Fe.^OA, for example, is opposite to that given above [LUNDEGÅRDII ( 1 9 3 2 ) ] . 
I t must be noted, however, that it seems as though a part of calcium 
and potassium in the exudation sap did not originate in the external experi-
mental solution, but in the tissues of the roots (see page 16). In addition 
the greater part of the manganese absorbed by the roots is precipitated in 
the roots (see page 27). We might, therefore, think that the different order of 
the concentrations of the cations in the exudation sap is due to these factors. 
Strongly opposed to this, however, is the fact, that the experimental 
results of several investigators indicate that the amounts of potassium and 
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c a l c i u m a b s o r b e d b y a p l a n t o r i t s d i f f e r e n t p a r t s i n e q u a l t i m e s f r o m a n 
e x t e r n a l s o l u t i o n b e a r t h e s a m e r e l a t i o n t o e a c h o t h e r a s d o t h e i r c o n c e n t r a -
t i o n s i n t h e e x u d a t i o n s a p s i n m y e x p e r i m e n t s [ S T I L E S a n d K I D D ( 1 9 1 9 b ) 
a n d P i R S C H L E a n d M E N G D E H L ( 1 9 3 1 ) ] , o r , a t l e a s t , t h a t t h e p o t a s s i u m a b s o r p -
t i o n i s g r e a t e r t h a n t h e c a l c i u m a b s o r p t i o n [ L U N D E G Å R D H ( 1 9 1 1 ) a n d ( 1 9 3 2 ) , 
P R A T ( 1 9 2 3 ) , K A H O ( 1 9 2 4 ) , C O L L A N D E R ( 1 9 3 0 ) a n d o t h e r s ] . 
Since it has been proved that the rate of diffusion and the mobility of 
ions are important factors in the permeation process [see, for instance, H Ö B E R 
( 1 9 2 6 ) , C O L L A N D E R ( 1 9 3 2 ) and L U N D E G A R D I I ( 1 9 3 2 ) ] , it is probable that they 
also play quite a notable part in the formation of the electrolytic concentra-
tion of the exudation sap. This is indicated, not only by the quantitative 
order of the cations in the exudation sap but especially by the values of the 
constants k for potassium and calcium from equation 4 (see page 24). The 
. ^ K 0 .033 
ratio , is equal to ^ — or And the ratio of the diffusion constant 
Ä c a 0.016 
(Z)jj.) for potassium to that for calcium (Z c^a) equal to ^ or 2.o [Inter-
national Critical Tables (1929) and S T I L E S and K I D D (1919 b)]. Thus we find that 
1 3 ^ k ^ Ö K 
Ä c a Dca' 
But, although the diffusion constants for calcium and manganese are 
kca. 
approximately equal [International Critical Tables (1929)], 7— is about 4.o. 
" - M n 
This may be due to the tendency of manganese and of heavy metals generally 
to accumulate in the cells [ C Z A P E K ( 1 9 1 5 ) and I v U N D E G Å R D H ( 1 9 3 2 ) ] . And 
besides, my own experiments have shown that the greater part of the man-
ganese absorbed by the roots remains in the roots in an insoluble form. 
In addition must be noted that in the cases presented in my experiments 
the relative increase of the absorption of manganese per sap volume is greater 
than that of calcium and the relative increase of the absorption of calcium 
is probably greater than that of potassium. So that if we denote the relative 
increase of the absorption by w, we find that 
« M n > " c a > « K . 
When we then allow the concentration of the external solution to increase 
ten times, the manganese concentration of the exudation sap increases two 
times, its calcium concentration 1.4 and its potassium concentration only 
1.3 times (see pages 23 and 24). 
The equation for the concentration of the exudation sap, s — k • c* may 
also be written in the form: 
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n 
V~C 
111 this form NERNST'S distribution law is usually written [see K R U Y T (192G)] 
and our equation would now represent this law. One might think that the 
absorption of electrolytes from the external solution into the exudation sap 
would be a process conforming to NERNST'S distribution law. According to 
physical chemistry this, however, seems impossible [ H Ö B E R (192G) and K R U Y T 
(1926)]. 
We have seen that SABININ'S (1925'I and TRUBETSKOVA'S ( 1 9 2 7 ) concep-
tion, that the concentration of the exudation sap is practically independer.t 
of the concentration of the external solution, is not quite true. Contrary 
to my investigation is also PAVLINOVA'S ( 1 9 2 6 ) experimental conclusion, 
viz., that the amounts of calcium absorbed by the roots is directly proportional 
to the concentration of the external solution. 
On the other hand, the experiments which GEBHARDT ( 1 9 2 8 ) carried out 
with maize seem to confirm the results of my investigation of the relations 
between the exudation sap and the external solution. He found out (see 
table 1) that if we increase the osmotic pressure of the external solution, 
the osmotic pressure of the exudation sap also increases, not in the same 
proportion as that of the external solution but in a smaller. It is easily seen 
that the ratio of the osmotic pressures of the exudation saps to the osmotic 
pressures of the external solutions is approximately exponential, corresponding 
to the equation p == k - P**, where p and P are the osmotic pressures of 
the exudation sap and the external solution respectively, and k and n are 
constants. Since the osmotic pressure is directly proportional to the con-
centration we may substitute for p and P the corresponding concentrations 
and the equation takes the form c — k - C**. It then, in form at least, re-
presents the concentration equation of the exudation sap deduced by myself 
(see page 23). 
In this connection note LEMANCZYK'S ( 1 9 2 6 ) investigation of the potas-
sium salt absorption of plants. Mainly on the basis of his own experiments 
he concluded that the absorption process of the roots is a case of adsorp-
tion or »sorption» in the sense suggested by DAVIS ( 1 9 0 7 ) and MCBAIN 
( 1 9 1 0 ) . 
The experiments carried out by R E D F E R N (1922) on the electrolyte 
absorption of maize and the pea are also of interest in connection with 
this investigation. Table 40 gives us the results of one of her series of 
experiments. 
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Extract from a table composed by REDFKRN which indicates the calcium absorption 
of the roots of the pea in 36 hours. 
C o n c e n t r a t i o n s o f t h e s i m p l e 
C a C I j e x t e r n a l s o l u t i o n s 
( 1 2 0 0 c c m . ) a t t h e b e g i n n i n g 
o f t h e e x p e r i m e n t . 
T h e a m o u n t o f c a l c i u m a b s o r b e d i 
b y t h e r o o t s a s p e r c e n t , o f t h e 
o r i g i n a l a m o u n t o f c a l c i u m 
i n t h e s o l u t i o n . 
0.1 n o r m . 17 . 7 4 ± 1 . 3 7 6 
O.oi n o r m . 19 . 61 ± 2 . 3 3 
O.ooi n o r m . 23 .10 ± 5 . 3 0 
W h e n w e c a l c u l a t e f r o m t h e t a b l e t h e a m o u n t s o f c a l c i u m a b s o r b e d b y 
t h e r o o t s , w e f i n d t h a t w h e n t h e e x t e r n a l s o l u t i o n s a r e O.i n . , O.oi n . , a n d 
O.ooi n . , w i t h r e g a r d t o c a l c i u m , t h e c o r r e s p o n d i n g a m o u n t s o f c a l c i u m a b s o r b e d 
b y t h e r o o t s a r e 4 2 G . 5 m g r . , 4 7 . i m g r . a n d 5 . 6 m g r . H e r e w e f i n d t h a t i f w e a l l o w 
t h e c o n c e n t r a t i o n o f t h e e x t e r n a l s o l u t i o n t o i n c r e a s e a s t h e t e r m s o f a g e o -
m e t r i c p r o g r e s s i o n w h o s e c o m m o n r a t i o i s 1 0 , t h e a b s o r b e d a m o u n t s o f c a l c i u m 
i n c r e a s e a s t h e t e r m s o f t h e p r o g r e s s i o n w h o s e c o m m o n r a t i o i s 9 . T h e d e p e n d e n c e 
o f t h e a m o u n t s o f c a l c i u m a b s o r b e d b y t h e r o o t s o n t h e c o n c e n t r a t i o n o f t h e 
e x t e r n a l s o l u t i o n i s t h e r e f o r e e x p o n e n t i a l . F o r t h e r e l a t i o n w e o b t a i n a n 
e q u a t i o n w h i c h i s s i m i l a r t o e q u a t i o n 4 d e d u c e d a b o v e a n d i n w h i c h t h e v a l u e 
o f ^ i s 0.05. 
n 
B R O W N ( 1 9 3 2 ) s h o w e d t h a t t h e a b s o r p t i o n o f c h e m i c a l c o m p o u n d s b y 
g r a i n s o f w h e a t w h e n t h e e x t e r n a l s o l u t i o n s a r e w e a k , i s p r i n c i p a l l y r e g u -
l a t e d b y a d s o r p t i o n . B u t w h e n t h e e x t e r n a l s o l u t i o n s a r e v e r y s t r o n g , f r o m 
0 . 5 t o 2 n o r m a l , o r t h e d u r a t i o n o f t h e e x p e r i m e n t i s l o n g , o t h e r f a c t o r s , s u c h 
a s o s m o t i c p h e n o m e n a , m a y b e c o m e d e c i d i n g f a c t o r s . 
VSTII.ES a n d K I D D ( 1 9 1 9 a ) a n d S T I I ^ E S ( 1 9 2 4 ) h a v e s t u d i e d t h e a b s o r p -
t i o n o f e l e c t r o l y t e s b y p i e c e s o f t h e r o o t s o f d i f f e r e n t p l a n t s . T h e y f o u n d 
t h a t a t t h e e n d o f t h e e x p e r i m e n t t h e r a t i o o f t h e i n t e r n a l e l e c t r o l y t e c o n -
c e n t r a t i o n o f t h e r o o t s t o t h e c o r r e s p o n d i n g c o n c e n t r a t i o n o f t h e e x t e r n a l 
s o l u t i o n i s e x p o n e n t i a l . T h i s e x p o n e n t i a l r a t i o , t o w h i c h t h e y g a v e t h e n a m e 
a b s o r p t i o n r a t i o , t h e y r e p r e s e n t e d b y t h e e q u a t i o n : 
i_ 
L " y = k ' c 
w h e r e y d e n o t e s t h e c o n c e n t r a t i o n o f t h e i n t e r n a l s o l u t i o n a n d c t h e f i n a l 
c o n c e n t r a t i o n o f t h e e x t e r n a l s o l u t i o n , a n d k a n d n a r e c o n s t a n t s . S T I L E S 
a n d K I D D ( 1 9 1 9 a ) s t a t e d t h a t t h i s e q u a t i o n i s a n a d s o r p t i o n e q u a t i o n b u t 
t h a t t h e i r e x p e r i m e n t s d i d n o t g i v e s u f f i c i e n t g r o u n d s t o a s s e r t t h a t t h e 
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absorption of salts by the cells is really a process of adsorption. Later S T I I . E S 
(1924) especially emphasized the fact that the absorption of salts by the storage 
tissues cannot be a simple case of diffusion. 
S T E W A R D (1032) also found, in his experiments with slices of potato 
and carrots, that the absorption ratio is logarithmic. But he considered the 
question disputable whether the fact that the absorption ratio is logarithmic 
indicates that the absorption is a case of adsorption. 
JOHNSON'S ( 1 9 1 5 ) comparisons of the electrolyte absorption of killed and 
living roots are interesting. He found that the killed roots are able to absorb 
salts, and, \yhat is more remarkable, the electrolyte absorption of the killed 
roots seems to be greater than that of the living ones. This clearly indicates 
that the absorption of salts by the roots depends, partly at least, on the 
inanimate forces of nature. 
P I R S C I I L E and M E N G D E I I L ( 1 9 3 1 ) also found that even killed roots are 
capable of absorbing small amoimts of electrolytes, and according to their 
investigations there was no real difference between the absorl)tion of salts 
by dead and living cut roots. The results of their experiments that ». . . die 
Wurzeln allein, ohne die oberirdische Organe, einer geregelten lonenaufnahme 
nicht fähig sind» (1. c. page 35G), is very remarkable in the light of my investi-
gation, if it means that no regularity in the absorption process of cut roots 
can be observed. 
Investigations of the press-sap of plants have also pointed out that gene-
rally its concentration is considerably greater than that of the external solu-
tion. HOAGEAND (1919) for instance found that the electrical conductivity 
of the press-sap of barley was from 4 to 50 times greater than that of the 
soil solution. In connection with the results of my investigation the following 
observation is interesting; he states that the potassium concentration of the 
press-sap was from five to ten times as great as the calcium concentration, 
although the soil solution contained approximately the same amounts of 
both potassium and calcium. In later studies HOAGLAND [(1931) and (1932)] 
emphasizes that the concentration of the cell-sap of plants is generally higher 
than that of the external solution. 
I shall now report briefly the investigations which have been made on 
individual plant cells with regard to their absorption of electrolytes, since 
some of them seem to be of importance regarding the absorption of electro-
lytes by the roots. COEEANDER ( 1 9 2 1 ) says that the permeation of sulphonic 
acid dyes into the plant cells is in harmony with the adsorption phenomena. 
P O I J Ä R V I ( 1 9 2 8 ) found that the stronger surface-active alkaloids permeate 
better than those that are less surface-active. In comparing the concentra-
tion of the cell-sap of Chara ceratophylla with the concentration of the external 
sea-water, COEI<ANDER ( 1 9 3 0 ) was not able to explain by means of the general 
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permeability theories why the Cl-concentration of the cell-sap of the Chara 
ceratophylla was 3.i times, the NOg-concentration about 80 times and the 
PO^-concentration over 400 times greater than the concentration of the 
external solution with regard to these ions. Since, according to COLLANDER, 
the PO^-concentration of the sea-water was much smaller than the NOg-
concentration and the NOg-concentration very much smaller than the Cl-
concentration, the matter is very easily understood from the viewpoint of 
the adsorption theory. For we know that the effect of the adsorption increases 
as the concentration of external solution decreases and vice versa. 
Opinions differ very much as to the natiire of the exudation phenomenon 
[ B E N E C K K - J O S T ( 1 9 2 4 ) ] . According to SABININ ( 1 9 2 5 ) and LITVINOV ( 1 9 2 6 ) , 
when the osmotic pressure of the external solution increases the rate of exuda-
tion decreases and vice versa according to the formula B=k {Px- Pt). If 
the values obtained from my experiments are substituted in this equation, 
we do not obtain a constant value for k as we should. This does not however 
have to mean that the abovementioned formula is not valid, for SABININ's 
experiments, of only a few minutes duration, are in principle different from 
mine as mentioned on page 40. 
One of the latest investigations of this matter is H E Y I , ' S (1933). According 
to his experiments the exudation phenomenon is a complex physiological 
occurrence, which is affected decisively by many external factors, such as 
the nature and concentration of the external solution, electrical excitation 
and above all the temperature. He points out especially that the exuda-
tion is not solely due to the effect of the osmotic pressure. 
My own investigations have indicated that the dependence of the rate 
of exudation on the concentration of the external solution when the external 
solutions are simple manganese chloride solutions follows a certain exponen-
tial equation (see page 37) within certain limits. I have had no opportunity to 
go into a more extensive solution of this question in connection with chis 
investigation. I have not found in che literature on the subject any mention 
of the regularity which I have reported. I noted, however, on studying the values 
given by BROWN ( 1 9 3 2 ) which denote the amount of water absorbed by 
grains of wheat from external solutions of different concentrations, that the 
ratio of the absorbed amounts of water and the concentration of the external 
solution is approximately exponential, following to a great extent the equation: 
— = k ' c 
v 
where v is the amount of water absorbed and c the concentration of the external 
solution in normals. We note, therefore, that the equation is similar to my 
equation for the rate of exudation given above. 
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M a n y o f t h o s e p h e n o m e n a p h y s i o l o g i c a l l y k n o w n b y t h e n a m e o f a n t a g o -
n i s m m a y b e p r i n c i p a l l y a d s o r p t i o n p h e n o m e n a o r s p e c i a l c a s e s o f a d s o r p t i o n . 
. S i n ce a n t a g o n i s m i s o f t e n m e n t i o n e d i n c o l l e c t i v e w o r k s [ H Ö B E R ( 1 9 2 0 ) , 
K O S T Y T S C H E V ( 1 9 2 6 ) , I V U N D E G Â R D I I ( 1 9 3 2 ) a n d o t h e r s ] , I s h a l l c a l l a t t e n -
t i o n t o o n l y a f e w , w h i c h s e e m t o h a v e a n i m p o r t a n t b e a r i n g o n m y i n v e s t i -
g a t i o n . 
O n s t u d y i n g t h e t h r i f t o f Micrasterias rotata a n d i t s a b i l i t y t o d i v i d e 
i n d i f f e r e n t . s i m p l e a n d c o m b i n e d s a l t s o l u t i o n s , W A R E N ( 1 9 3 3 ) f o u n d t h a t 
a n t a g o n i s m e x i s t s b e t w e e n c a l c i u m a n d m a n g a n e s e . H e c o n s i d e r e d t h e 
a d s o r p t i o n * d i s p l a c e m e n t a p o s s i b l e e x p l a n a t i o n o f i t . 
B u t a n t a g o n i s m d o e s n o t a p p e a r o n l y w h e r e s u b s t a n c e s d i s p l a c e e a c h o t h e r . 
M y e x p e r i m e n t s s h o w t h a t t h e p r e s e n c e o f m a n g a n e s e c a u s e d a n i n c r e a s e 
i n t h e p o t a s s i u m c o n c e n t r a t i o n o f t h e e x u d a t i o n s a p , w h e n t h e e x t e r n a l 
s o l u t i o n s w e r e s t r o n g , O.oi n o r m a l ( s ee t a b l e 4 2 ) . T h i s p h e n o m e n o n s e e m s t o 
b e r e l a t e d t o t h o s e w h i c h L U N D E G Å R D H a n d M O R Ä V E K ( 1 9 2 4 ) h a v e m e n t i o n e d . 
T h e y f o i m d t h a t m a g n e s i u m a n d m a n g a n e s e g e n e r a l l y a n d c a l c i u m , w h e n t h e 
e x t e r n a l s o l u t i o n s a r e s t r o n g , O.005 t o O.o i n o r m a l , p r o m o t e t h e p o t a s -
s i u m a n d p h o s p h a t e a b s o r p t i o n o f t h e r o o t s . I t m u s t b e n o t e d , h o w e v e r , 
t h a t t h e m a g n e s i u m a n d m a n g a n e s e s o l u t i o n s w e r e a l s o , a s c o m p a r e d w i t h 
t h e s o l u t i o n s u s e d i n m y e x p e r i m e n t s , r e l a t i v e l y s t r o n g , O.0025 t o O.oi n o r m a l . 
— L i k e w i s e L E M A N C Z Y K ( 1 9 2 6 ) s a y s t h a t w h e n t h e c o n c e n t r a t i o n s o f t h e 
e x t e r n a l s o l u t i o n s r e g a r d i n g e a c h c a t i o n w e r e h i g h , O.025 n . , m a g n e s i u m 
a n d c a l c i u m c a u s e d a r i s e o f 2 5 t o 5 0 % i n t h e a m o u n t o f p o t a s s i u m a b s o r b e d 
b y t h e r o o t s . 
N e i t h e r L U N D E G Å R D H , M O R Ä V E K , n o r L E M A N C Z V K w e r e a b l e t o e x p l a i n 
t h e s e p h e n o m e n a s a t i s f a c t o r i l y . A c c o r d i n g t o m y c o n c e p t i o n , s i m i l a r i t y , 
i n f o r m a t l e a s t , e x i s t s b e t w e e n m y o b s e r v a t i o n s a n d t h e p h e n o m e n a o b -
s e r v e d b y t h e i n v e s t i g a t o r s m e n t i o n e d a b o v e o n t h e o n e h a n d a n d t h o s e 
p h e n o m e n a w h i c h V I R T A N E N a n d o t h e r s [ H Ö B E R ( 1 9 2 6 ) p a g e 1 2 3 ] h a d o b s e r v e d 
i n t h e a d s o r p t i o n o f a c e t i c a c i d b y c a r b o n i n t h e p r e s e n c e o f p o t a s s i u m c h l o r i d e , 
s o d i u m c h l o r i d e a n d l i t h i u m c h l o r i d e o n t h e o t h e r , a l t h o u g h t h e e x t e r n a l 
c o n c e n t r a t i o n s i n V I R T A N E N ' s e x p e r i m e n t s w e r e m u c h h i g h e r . W h e n p o t a s -
s i u m c h l o r i d e w a s a d d e d t o t h e a c e t i c a c i d s o t h a t t h e r e s u l t i n g s o l u t i o n 
w a s 2 n o r m a l r e g a r d i n g p o t a s s i u m c h l o r i d e , t h e a d s o r p t i o n c o n s t a n t k f o r 
a c e t i c a c i d i n c r e a s e d f r o m 2.93 t o 3 . i o . W i t h s o d i u m c h l o r i d e t h e v a l u e i n -
c r e a s e d t o 3.30 a n d w i t h l i t h i u m c h l o r i d e t o 3.53. 
O n e p o s s i b l e e x p l a n a t i o n o f t h e a b o v e i s t h a t s i n c e t h e a d s o r p t i o n c o n -
s t a n t f o r a c e t i c a c i d i n c r e a s e s w i t h t h e h y d r a t a t i o n v a l u e o f t h e c a t i o n s , t h e 
s a l t s , b y h y d r a t a t i o n , b o u n d a p a r t o f t h e s o l v e n t ( w a t e r ) a n d t h u s i n c r e a s e d 
t h e c o n c e n t r a t i o n o f t h e s o l u t i o n [ H Ö B E R ( 1 9 2 6 ) p a g e 1 2 3 ] . A c c o r d i n g t o 
t h i s , i n t h e c a s e s p r e s e n t e d i n m y e x p e r i m e n t s i t w o u l d b e a q u e s t i o n o f a n 
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increase in concentration due to the decrease in the amount of water in the 
exudation sap. But, as I have mentioned on page 39, I could not show posi-
tively that the amount of the exudation sap in the case of a combined solu-
tion was really smaller than when a simple solution formed the external 
solution. Thus the nature of this phenomenon remains an open question. 
Finally we might enquire further what it means that the electrolyte 
absorption by the roots and, as we have seen, by the other parts of a plant, 
follows a certain law, which is similar in form to the adsorption law. We 
then have to consider the nature of the adsorption phenomenon. But, as we 
know, the adsorption equation is purely empirical [ F R E U N D L I C H (1932)] 
and it cannot be satisfactorily explained theoretically in any way. I t is, 
therefore, hardly possible to fully explain how and where it affects the absorp-
tion process of roots. Perhaps we should only say that the adsorption 
phenomenon has some regulating significance in the absorption by the cut 
roots of plants. 
Summary. 
1. The relationship existing between the exudation sap and the external 
solution regarding potassium, calcium and manganese may be, in definite 
cases, represented by the mathematical equation s ~ k • c , where s is 
the concentration of the exudation sap, c the concentration of the external 
solution and k and n are constants. When the external solutions are flowing 
manganese chloride solutions, the same equation holds good. The equation 
appears to be analogous to the equation for the adsorption isotherm in the 
form presented by FREUNDLICH. 
2. Although the external solutions are distilled water the exudation sap 
is about normal regarding calcium and regarding potassium approxi-
mately normal. 
3. When the concentration of the external solution increases the manga-
nese concentration of the exudation sap seems to increase relatively more 
than the calcium concentration and the calcium concentration relatively 
more than the potassium concentration. 
4. As regards the absolute cation concentrations of the exudation sap 
we find that the potassium concentration is from two to three times as great 
as the calcium concentration and the calcium concentration is from six to 
eight times as great as the manganese concentration when the concentration 
of the external solution is the same. The difference in the potassium and 
calcium concentrations seems to be due to their different rates of diffusion. 
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The low manganese concentration on the other hand may be due to the 
precipitation of manganese into the roots. 
5. The accumulation of manganese into the roots follows precisely 
1 a — 
F R E U N D L I C H ' S adsorption isotherm equation ^^  = Å • c " , where the value 
of constant n is approximately 3.3. When the external solutions are flowing 
solutions, the same equation holds good, but the value of the constant k is 
then greater; About 80 % of the manganese absorbed by the roots is in a 
form insoluble in water. 
6. The accumulation of thallium into the roots also follows the formula 
1 
a 
^ = k • c , The values for the constants k and n appear to be approxi-
mately the same as the corresponding values for manganese. 
7. In certain cases, for example, when the external solutions are pure 
manganese chloride solutions, the dependence of the volume (Î;) of the exuda-
tion sap on the concentration of the external solution (c) may be, within 
definite limits, represented by the equation — = k • c " . 
8. When the external solution contains two different electrolytes, the 
concentration of each in the exudation sap is generally lower than if each 
of these electrolytes alone formed the external solutions. This displacement 
of electrolytes also seems to follow the laws of adsorption. A cation which 
is easily displaced has very weak displacement power. 
An exception to the above is the case where the external solution is O.oi 
normal regarding potassium and manganese chloride. In this case the potas-
sium concentration of the exudation sap was about 60 per cent, greater than 
when a potassium chloride solution of the same concentration alone formed 
the external solution. 
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